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ABSTRACT

Titanium dioxide (TiO») is a very promising thin film photovoltaic (PV) material since
it is abundant, chemically stable and non-toxic. It has however, a comparatively large
bandgap (3.0-3.2 eV), which only allows absorption within the ultraviolet region,
making it less effective for use in solar energy conversion. The wide study of Fe is
caused by its potential to enhance the optical characteristics of TiO» by the creation of
impurity energy levels that aid in the absorption of visible light. In this work the 3
mol% iron doped titanium dioxide (Fe: TiO2) thin films were deposited on clean soda-
lime glass substrates by spin coating method. The influence of the volume of precursor
solution, spinning time and number of deposited layers on the structural and optical
properties were investigated and the stability of the optimized films were examined
for 28 days. The X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy and UV-Vis spectroscopy with Tauc plot analysis were used to
characterize the deposited films, after annealing at 450 °C for 2 h. All samples showed
the formation of mixed phases of anatase and rutile TiO2 by XRD analysis. The best
volume of precursor solution was 1.0 mL, which had the largest crystallite size of
4.107 nm and a smaller full width at half maximum (FWHM) value of 1.992°. By
changing the spinning time, it was found that 30 s gives the optimum crystallinity, the
crystallite size was 5.206 nm and the FWHM was 1.571° which is the best crystal
growth from the uniform film formation. Optimum layer number was 5 and resulted
in high crystalline films with better uniformity of the structure. FTIR spectra showed
the presence of both Ti—~O-Ti and Ti—~O—Fe bonds, which confirmed the incorporation
of Fe in the TiO> lattice. The results of the UV—Vis analysis revealed that the optical
band gap depended on the deposition parameters. The band gap of 2.96 eV obtained
for the optimum spinning time of 30 s was lower than the typical band gap of 3.2 eV
of undoped TiO2, which was attributed to the Fe induced impurity energy levels that
narrowed the band gap and increased the visible light absorption. The optimized films
showed only minor changes in the peak position, FWHM and crystallite size for the
28-day time period, which gave evidence of good structural stability. The results of
this study show that the parameters of spin coating can be optimized to obtain the best
structural and optical characteristics for 3 mol% Fe doped TiO: thin films. Specifically,
films with improved crystallinity, lower band gaps and enhanced stability were
generated after spinning for 30 s using ImL precursor solution volume and 5 layers
were deposited onto the surface, which are promising materials for use in better PV
devices.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the Study

The expanding international demand for eco-friendly energy sources has accelerated
research into the development of high-efficiency, low-cost photovoltaic materials.
Among the various materials studied for solar energy conversion, TiO> has drawn
considerable recognition for its exceptional resistance to degradation , budget-
friendly, biocompatibility and suitable electronic properties (Vaiciulis et al., 2012).
TiO; is widely used as a window layer in thin-film solar cells because of its wide band
gap, chemical stability, non-toxicity and excellent optical transparency. Iron doping
and optimization of deposition parameters can further tailor its structural and optical
properties for improved photovoltaic performance. However, the broad bandgap
(~3.0-3.2 eV) severely limits its practical use in solar cells by limiting its uptake to
the ultraviolet (UV) segment of the Sun’s electromagnetic output that represents only

a tiny fraction of the total incoming solar energy (Sobczyk-Guzenda et al., 2015).

Several studies have reported that TiO; thin films exhibit improved photocatalytic and
photovoltaic performance when doped with transition metals. In visible and near
infrared spectrum, TiO2exhibits high optical transparency and charge carrier mobility.
Thus, solar cells are the primary use for it. Researchers have demonstrated that doping
TiO, with certain metal ions makes it simple to control its structural characteristics,
optical parameters and magnetic properties. Attributable to its affordability and
operational simplicity, iron is the best dopant for TiO». Additionally, the crystal radius
of Fe** is close to that of Ti*' (Kayani et al., 2020). Iron-doped TiO (Fe:TiO2)
introduces impurity levels within the bandgap, allowing for sub-bandgap
photoexcitation and improved utilization of the solar spectrum. Thin film technology
is particularly advantageous in solar cell applications because of its promising ability
to minimize material usage, decrease fabrication expenses and work well with flexible
substrates (Lee et al., 2017). For obtaining superior Fe: TiO, films, factors like dopant
concentration and annealing heat conditions, deposition technique and film thickness
must be carefully optimized, all of which influence the film’s microstructure and
performance in solar cell architectures (Lourduraj et al., 2017). The Fe:TiO> has been

recently shown to be a light-sensitive anode material in dye-driven photovoltaic



systems with significant enhancements in photo response and energy conversion

efficiency.

The aim of this research is to address this gap by the preparation and analysis of thin
films of Fe:TiO, with the ultimate goal of improving the suitability of these films for
solar cell applications. This research will integrate Fe into TiOz-based systems to
determine the best doping conditions and elucidate the fundamental mechanisms that
enhance the photovoltaic properties of such systems (Oviedo et al., 2023). Fe doping
alters the electronic and structural environment of TiO, resulting in intermediate
energy states that enhance charge separation and reduce electron-hole recombination.
The introduction of Fe’" may cause lattice distortion, which enhances the light
absorption and carrier mobility, resulting in better optical and photocatalytic
properties. In spite of these possible advantages, the results of the existing studies are
ambiguous, due to the different synthesis conditions or to the fact that the films are
not uniform, which means that film uniformity needs to be improved. This proposed
study intends to fill this gap by systematically preparing and analysing Fe:TiO> thin
films with different preparation conditions, explain the doping mechanism and its

effects on the performance.

1.2 Statement of the Problem

The need for clean, sustainable and green energy sources has grown internationally,
leading to a focus on improving PV material performance. TiO, is a material with
many advantages, including its abundance, chemical stability, non-toxicity and low
cost, making it a suitable material for use in photovoltaic devices. The large band gap
(3.0-3.2 eV), however, means that it is only good at absorbing light at the ultraviolet
region of the solar spectrum (around 5%). Thus, the practical photo-conversion
efficiencies of pure TiO are very low (about 0.1-0.2%) and rapid electron—hole
recombination under visible-light illumination significantly hampers the photovoltaic

performance of pure TiO».

Based on this mechanism, it has been reported that doping TiO, with a suitable
impurity level can enhance its optical and structural properties by introducing the
energy level of these impurities in TiO2, which will improve its ability to absorb
photons in the visible light region and decrease charge carrier recombination. However,

the photovoltaic properties of Fe:TiO- thin films greatly depend on the deposition
2



parameters such as the volume of the precursor solution, spinning time and the number
of layers of the thin films. The processing parameters have not yet been optimised and
the effects of these parameters on the structural stability and optical properties of
Fe:TiO; thin films have not been well understood. Consequently, films made under
sub-optimal conditions can result in a poor level of crystallinity, a higher number of
recombination centres and decreased photovoltaic response. Hence, it is important to
study the effects of these deposition parameters on Fe:TiO> thin films in order to
produce the materials that have higher crystallinity, lower band gap, higher absorption

of visible light and better application to photovoltaic.

1.3. Research Objectives
1.3.1 General Objective
To synthesize and characterize Fe: TiOz thin films deposited using spin coating

technique.

1.3.2 Specific Objectives:

1. To evaluate the effects of precursor solution volume on structural and optical
analysis of Fe: TiO> thin films.

2. To investigate the effects of spinning time on the structural and optical
properties of Fe: TiO; thin films.

3. To examine the impact of spin-coating layers on the structural and optical
properties of the Fe: TiO, coatings.

4. To assess the structural stability of Fe: TiO» coatings over a period of twenty

eight days.

1.4 Research Questions
1. How does varying the precursor solution volume influence the structural properties

and optical properties of Fe: TiO2 thin films?

2. In what ways does spinning time affect the structural and optical properties of Fe:

TiO3 thin films?

3. How does the number of spin-coating layers affect the structure and optical

properties of Fe: TiO; thin films?



4. How does the structural stability of Fe: TiO thin-film coatings change over a period

of twenty-eight days?

1.5 Significance of the Study

This study contributes to the development of Fe: TiO; thin films for photovoltaic
applications by providing a systematic evaluation of the effects of precursor solution
volume, spinning time, number of coating layers and short-term stability on their
structural and optical properties. The findings identify the optimum spin-coating
conditions required to produce films with improved crystallinity, reduced optical band
gap and enhanced structural stability, thereby providing a basis for optimizing the

fabrication of Fe: TiO> thin films.

The results of this study provide useful information for researchers seeking to improve
the performance of TiO; -based photovoltaic materials through controlled deposition
conditions. They also serve as a reference for future studies on doped semiconductor
thin films by demonstrating the relationship between deposition parameters and
material properties. Furthermore, the optimized fabrication conditions established in
this work can support the development of stable and efficient TiO, window layers for
thin-film solar cells, contributing to ongoing efforts to enhance photovoltaic

performance and promote sustainable energy technologies.

1.6 Scope and Limitations

In this present study, the synthesis of Fe: TiO» thin films by the spin coating technique
is focused. It examined specifically how the crystallographic and light related
characteristics of the coatings changed with respect to the precursor solution volume,
spinning time and number of spin coating layers. In addition, the stability of Fe:TiO2
thin films was studied for 28 days to understand their applicability in solar cell
application in the long term. One drawback of the research was the fact that the
technique of deposition employed was the spin coating technique and therefore a
comprehensive comparison with the other deposition technique such as dip coating
and vapor deposition was not carried out. In addition, other deposition parameters such
as spin speed and solution viscosity were not investigated. Time constraints also

limited the extent of stability and durability testing.



1.7 Contributions of the Thesis

This thesis contributes to ongoing research on the synthesis, characterization and
stability assessment of Fe: TiO> thin films deposited using the spin coating technique,
with the aim of developing low-cost and potentially efficient materials for solar energy
applications. The main contributions of the study, in line with the specific objectives,

are as follows:

1) Optimization of precursor deposition conditions

The study established suitable precursor solution conditions for the deposition of Fe:
TiO2 thin films using the spin coating technique. By varying the precursor solution
volume, the study identified 1.0 mL as the optimum volume, based on the resulting

structural and optical properties of the films.

i1) Optimization of spinning time

The study established the influence of spinning time on the structural and optical
properties of Fe: TiO2 thin films and identified 30 s as the optimum spinning time at a
spin speed of 3000 rpm. XRD, FTIR and UV—Vis analyses demonstrated that changes
in spinning time affected the crystallinity, bonding characteristics and optical band-

gap behaviour of the films.

ii1) Optimization of the number of coating layers

The study demonstrated the effect of increasing the number of coating layers on the
structural and optical properties of Fe: TiOz thin films. Increasing the layers from one
to five produced measurable changes in the films' optical behaviour, with the five-
layer film identified as the optimum under the investigated conditions. The study
therefore provides useful information on controlling film thickness through repeated

coating for solar energy applications.

1.8 Organization of the Thesis

Chapter One presents the introduction of the study, including the background of the
study, statement of the problem, research objectives, research questions, significance
of the study, justification of the study, scope and limitations, contributions of the thesis

and organization of the thesis.



Chapter Two presents the literature review, which discusses solar energy and solar
cells, TiO; thin layerss, Fe doping in TiO», spin coating deposition technique, factors

affecting thin film properties and the characterization techniques used in the study.

Chapter Three describes the materials and methods used in the study. It outlines the
preparation of Fe:TiO2 precursor solutions, deposition of thin films using the spin
coating technique, annealing conditions and the characterization techniques employed

to analyse crystallographic and light related characteristics of the films.

Chapter Four presents the results and discussion obtained from the characterization

techniques, including XRD, FTIR spectroscopy and UV-Vis spectroscopy.

Chapter Five presents the conclusions drawn from the study and provides
recommendations for future research related to Fe: TiO; thin films and their application

in solar cell technology.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction
This chapter summarizes the literature on thin film application and methods that have
been used by different scholars to synthesize and characterize them. It also gives

details on the effects of doping thin films for various application.

2.2 Global Energy Demand and the Transition to Renewable Energy
The unprecedented growth in the global population, coupled with rapid urbanization
and industrial development, has contributed to a continuous rise in energy demand in

recent years.

Even though fuels like coal, oil and natural gas remain the main sources of energy,
they come with several problems, including air pollution, climate change, harmful
greenhouse gas emissions and unstable market prices (N.s et al., 2022). Furthermore,
the limited supply of fossil fuels raises concerns about sustainability for future
generations. Beyond the industrial revolution, the shift to renewable energy represents
a major transformation in both society and the economy. Access to energy is strongly
linked to well-being and societal progress. The United Nations’ seventh Sustainable
Development Goal (SDG7) seeks to guarantee universal availability of modern, cost-
effective, dependable and eco-friendly power by 2030, emphasizing the significance
for this global priority (Hassan et al., 2024). A global shift to renewable energy sources
has become necessary as a result of these constraints. Renewable energy sources that
can lessen reliance on fossil fuels include solar, wind, hydro and biomass. They are
also environmentally friendly and sustainable. Solar energy stands out among these
and is currently a major focus of research aimed at increasing the affordability and
efficiency of solar technologies because of its abundance, scalability and versatility
(Bogdanov et al., 2021).

2.3 Solar Cells

Photovoltaic devices, referred to as solar cells, are systems that utilize sunlight to
generate electrical power using the photovoltaic effect. The growing need for eco-
friendly energy has led to significant advancements in solar cell technology over

recent decades (Mohammad Bagher, 2015). Solar cells have been classified according



to generation. The present commercial market is dominated by first-generation solar
cells made of crystalline silicon (cSi), which are known for their high efficiency and
stability (Efaz et al., 2021). However, the high manufacturing costs and energy
intensive production processes have prompted research into alternative materials.
Thin-film photovoltaics, featuring deposited material layer technologies have several
advantages including decreased material usage, flexibility and low production costs
are low (Kant et al., 2022). However, concerns about toxicity and raw material scarcity
have limited their widespread use. By investigating new materials and device
architectures, third generation solar cells seek to get around these restrictions.
Perovskite based photovoltaic devices, organic photovoltaic (OPV) cells, dye
sensitized solar cells (DSSCs) and nanocrystal based solar cells are all included in this
category (Giannouli,2021). Among these, perovskite solar cells have gained
considerable attention because of their comparatively inexpensive manufacturing
methods and rapidly rising efficiencies (Kumar et al., 2023). Figure 2.1 shows the

evolution of solar photovoltaic technology through four main generations.

Solar PV Technology Generations
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Figure 2.1: Evolution of solar photovoltaic technology through four main

generations (Fricano et al., 2025)

2.3.1 Operation of Solar Cells

Solar cells operate on the principle of the photovoltaic effect, in which photons are
absorbed by a semiconductor material, exciting electrons from the valence band to the
conduction band. This generates electron—hole pairs that are subsequently separated

by an internal electric field in the device, usually a p-n junction. This separation and
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transport of charge carriers towards the electrodes induce an electric current when
connected. This process is dependent on factors like absorption, charge separation and
transport properties (El-Shafei et al., 2021). In thin film solar cells, wide band gap
materials such as titanium dioxide are commonly employed as electron transport
layers, owing to their suitable band edge positions. But TiO» absorbs mostly in the UV
region, which reduces its capacity to absorb the entire spectrum of sunlight.
Consequently, it is often doped and nanostructured to boost its absorption efficiency
and facilitate charge transport. Thus, knowledge of the solar cell operation is crucial
to assess the impact of material modifications on the device performance (Al-Ezzi et

al., 2022).

2.3.2 Types of Solar Cells

Typically, solar cells can be classified into several classes based on the material or
materials used and the processes used to make them. The types of solar cells primarily
covered are crystalline silicon solar cells, thin film solar cells and emerging solar cell
types. The crystalline silicon solar cell has been the most popular and most dominant
type of solar cell for many years and has been popular for its superior performance
and operational durability (Ballif et al., 2022). Despite these benefits, the
manufacturing process is still relatively expensive and energy intensive, so that other
technologies that can decrease the manufacturing process costs and yet keep in good
performance are being explored. Thin film solar cells, however, have a number of
practical benefits, including the use of cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) (Adeyinka et al., 2023). These include lower material usage,
mechanical flexibility and decreased production costs, which are ideal for large area
applications and flexible devices. These are complemented by newer solar cell
technologies like dye sun cell and perovskite solar cell, which, in recent years, have
received much attention for their rapidly improving efficiencies and simple fabrication
processes. Titanium dioxide (TiO2) is an important electron transport material for
many of these advanced systems due to its chemical stability and appropriate energy
band alignment (Foo S et al., 2022). The ongoing development of various types of
solar cells demonstrates the need for the improvement of materials such as doped TiOo,
which is crucial for the development of better light absorption and efficient charge

transport within the solar cells for improved device efficiency (Fatima et al., 2024).



2.4 Thin Film Photovoltaics

Thin film solar cells are a type of second-generation technology that use single or
multiple ultra-thin coatings of light-absorbing substances on surfaces like glass, plastic
or metal. These films are extremely thin, ranging from several nanometers up to tens
of microns, making them much thinner than conventional first-generation solar cells,
which are formed from thick wafers about 200 micrometers thick. Because of their
thinness, thin-film solar cells are lighter, easier to handle and less likely to be damaged
by rubbing or scratching (Efaz et al., 2021). Figure 2.2 and 2.3 illustrate how incoming
light interacts with a deposited film on a base material and how part of the light is
transmitted through the film while multiple reflections occur within the film layer due

to interference effects.
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Figure 2.2: Behavior of incoming light with a deposited film
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Figure 2.3: Light transmission through a thin film (Kesornkhup et al., 2021)

2.5 Titanium Dioxide

An extensively researched and utilized inorganic compound in material science is
TiO,, a naturally formed titanium oxide. It is extensively employed in many industrial,
environmental and technological applications because of its remarkable chemical
durability, safety, as well as high refractive index and potent UV light absorption
(Racovita, 2022).

2.5.1 Polymorphism of Titanium Dioxide (TiO2)

TiO; exhibits polymorphism, meaning it can exist in more than one crystalline form.
The three primary polymorphs of TiO» are anatase, rutile and brookite, each possessing
distinct crystal structures and properties that influence their suitability for different
applications ( Al, et al., 2024). Rutile, the most thermodynamically stable phase, is
widely used in pigments and optical coatings because of its high refractive index and
durability (Dai et al, 2024). It has a tetragonal structure and a forbidden energy gap of
about 3.0 eV. Anatase, which is tetragonal but metastable, is typically formed at lower
temperatures and transforms into rutile when heated, (Hiroi, 2022). Its wider band gap
(~3.2 eV) and open crystal structure improve charge mobility and photocatalytic

activity, making it suitable for dye-sensitized solar cells and environmental
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remediation. Brookite, the least common and least stable of the three, has an
orthorhombic structure and is more difficult to synthesize in pure form. It possesses a
forbidden energy gap of 3.4 eV. The transformation of anatase and brookite into rutile
is a critical area of research, particularly in high-temperature processes. Several factors
influence the transformation, including particle size, dopants, synthesis method and

annealing temperature (Rezaee et al., 2011)

Figure 2.4 below illustrates the three main polymorphs of TiO2 which significantly
affect their optical and photocatalytic properties.

Figure 2.4: Polymorphs of TiO: (a) anatase (tetragonal), (b) rutile (tetragonal)
and (c) brookite (orthorhombic) (Sadia, et al., 2024)

2.5.2 Electrical and Electronic Properties of TiO2

Titanium dioxide is an n-type semiconductor, whose electrical properties are
dominated by intrinsic defects such as oxygen vacancies and titanium interstitials. The
defects provide free electrons and increasing conductivity. Pure TiO> generally has

poor electrical conductivity because of its large band gap (3.0-3.2 eV), which limits
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the thermal activation of electrons. This can have a negative impact on charge
transport in photovoltaic devices, so its electronic structure must be modified
(Kamoun et al., 2020a). Doping TiO- with transition metals, such as iron, can enhance
its electronic properties thus creating new energy levels in the band gap, making it
easier to excite electrons which effectively increases electrical conductivity, charge
carrier mobility and decreases recombination loss. As a result, tuning the electrical
properties of TiO; is essential for enhancing its efficiency in solar energy conversion
and other optoelectronic applications (Arifin et al., 2024).

2.5.3 Charge Carrier Dynamics in TiO2

In the case of TiO,, charge carrier dynamics refer to the generation, transport and final
recombination processes of electrons and holes in the material. When light energy is
absorbed by TiO», electrons are promoted from the valence band to the conduction
band leaving the valence band with holes. In order to ensure efficient operation of the
photovoltaics, the charge carriers need to be effectively separated and transported to
the different electrodes before they are able to recombine. However, this process is
sometimes constrained by the swift recombination of photogenerated electron-hole
pairs in pure TiO, depressing its efficiency for PV and PC applications. In order to
overcome this limitation, transition metals like iron are doped into TiO, for purpose
of changing its charge carrier behavior (Kamoun et al., 2020b). The addition of
dopants forms energy states within the band structure that may serve as trapping sites
that temporarily store charge carriers. This can extend their lifetime and minimize the
chances of recombination for better charge separation. But it must be emphasized that
over-doping can lead to opposite results: If too many defect states function as
recombination centers these become a problem. Therefore, it is essential to carefully
control dopant concentration to obtain optimal concentration balance for improving

the efficiency of TiO; based solar cell material (Kochylas et al., 2021).

2.6 Properties of TiO2
TiO; is a semiconductor with distinct optical, electrical and structural properties that

affect its performance in scientific and industrial applications.

2.6.1 Optical Properties
TiO, is well-known for its excellent optical characteristics for example high refractive

index together with strong absorption of ultraviolet (UV) light. Of all the materials,
13



rutile form of TiO; has the highest refractive index, which is approximately 2.614 and
is the densest among them in respect of light interaction second only to diamond. Due
to this, it is widely used in the production of white pigments and coatings for light.
TiO; also has a large band gap that permits it to absorb UV light, but not visible light.
For anatase, the forbidden energy gap is 3.2 eV and for rutile, it is 3.0 eV (Lettieri et
al., 2021). It is useful in applications including sunscreen, photocatalytic processes
and UV blocking coatings. The band gap can be altered through incorporation of
impurity atoms or via nanostructure formation, allowing the material to absorb visible

light and thereby improve its function in areas such as solar energy and photocatalysis.

2.6.2 Electrical Properties

The electron doped material is TiO> which has a wide band gap and is not particularly
good at transporting electrons (Bonkerud et al., 2021). The electrical properties are
dominated by charge carriers — oxygen vacancies and titanium interstitials. The
addition of transition metals such as iron (Fe), niobium (Nb) or tantalum (Ta) or
control of the defect concentration, can greatly improve the electrical properties of
TiO2 which otherwise has only low conductivity when undoped. These changes make
donor states within the energy gap that enhances charge transport. TiO2 is a common
material used for electron conduction (ETL) in dye-sensitized solar cells and
perovskite solar cells, as it is able to transport electrons effectively, while blocking
holes and thus discouraging recombination loss (Lettieri et al., 2021). Additionally,
TiO2 possesses dielectric properties, making it suitable for use in capacitors and

insulating layers in electronic applications.

2.6.3 Structural Properties

The thin film of TiO2 has excellent structural properties, which make it useful in solar
cells, photocatalysis and optoelectronic devices. TiO; is usually prepared as anatase or
rutile crystalline structure, depending on the preparation conditions, including the
temperature of the annealing process, the film thickness and the preparation method.
XRD analysis has revealed that films of anatase TiO2 tend to be more crystalline at
moderate annealing temperatures and more crystalline to rutile at high temperatures.
The coherent scattering domain size of the TiO2 coatings is increased by increasing
the calcination temperature which is attributed to the grain growth in the thin films,

while the peak broadening is attributed to decrease of crystallinity and increase of
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lattice strain. The presence of both anatase and rutile phases in mixed-phase films
leads to better charge separation and less electron—hole recombination, yielding better
photocatalytic or photovoltaic performance. Also, preferred orientations like anatase
(101) and rutile (110) are frequently found and suggest a good crystalline ordering and

tetragonal crystal structures (Kaaridinen et al., 2009).

2.7 Metal Ion Doping Mechanism in TiO2

In the case of TiO», doping is the intentional inclusion of foreign ions into its crystal
lattice, either through substitution of the Ti ions or by the presence of ions in interstitial
sites. Fe** ions will replace Ti*" ions by their similar ionic radius, resulting in lattice
distortion and defect states in the material in the case of iron doping. The defect states
create intermediate energy levels within the band gap, so that the energy gap is lowered
and the visible portion of the electromagnetic spectrum can be absorbed. This results
in strong optical absorption and charge carrier dynamics in TiO2, which are highly
favorable for a photocatalytic and photovoltaic use. Further, the metal ion doping
impact extends beyond the optical properties of TiO to the structural and electronic
properties as well. It can alter the grain size, phase composition and crystallinity,
which affect charge transport and recombination processes. However, if too highly
doped, the doping may cause defect clustering which may reduce performance by
providing recombination centres. So to maximize the concentration of dopants while
maintaining a good balance between increased absorption and charge transport

efficiency, a understanding of the doping mechanism is needed (Wang et al., 2020).

2.7.1 Effect of Doping on Band Gap Engineering

Band gap engineering is well-known to be one of the most effective methods of
optimizing optical throughput of semiconductor materials in solar energy. The pure
TiO has a relatively large band gap and will only absorb light in the UV region, a
small part of the solar spectrum. This limitation reduces its effectiveness in harvesting
solar energy (Imran et al., 2021). Doping creates extra energy levels within the band
gap, which reduces the band gap and allows the material to absorb light in the visible.
The change in the band gap is highly dependent on the type and amount of the dopant.
For example, if iron is doped, it causes the creation of localized energy states which
facilitates the transition of electrons at lower energies of the photons. This results in a

visible movement of the absorption edge toward longer wavelengths (also known as a
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red shift) and can be seen in the results of UV-Vis spectroscopy. The reduction of the
band gap, however, can be useful to improve the absorption of light but a very narrow
band gap could result in higher recombination losses. Thus, it is crucially important to
optimize the doping conditions carefully to ensure an optimum balance between
enhancement of optical absorption and good charge transport properties (Cisternas et

al., 2024).

2.7.2 Dopants

Doping is the intentional introduction of a small amount of impurities, known as
dopants, into a pure material (typically a semiconductor) in order to change its
electrical, optical or structural properties. Doping semiconductors such as TiO-,
involves adding atoms of a different element such as iron (Fe), zinc (Zn), copper (Cu)
or vanadium (V) into the host material's crystal lattice. The dopant atoms are either
donating additional electrons (n-type doping) or accepting electrons, creating holes (p-
type doping). This process adds new energy levels to the semiconductor's band gap,
altering how the material interacts with light and electricity (Scaccabarozzi et al.,

2022).

2.7.2.1 Iron

Iron is a chemical element represented by the symbol Fe, (ferrum in Latin). It has an
atomic number of 26. It is frequently added as a dopant to alter the magnetic and
electrical characteristics of semiconductors and oxide materials. Iron is a transition
metal that frequently functions as a deep-level trap by introducing localized electronic
states within the band gap. Iron can counteract both n-type and p-type doping in semi
conductors like gallium arsenide (GaAs), assisting in the achievement of semi-
insulating behavior, which is advantageous in high-frequency and optoelectronic
devices. Iron doping is used to improve the magnetic and photocatalytic properties of
oxides such as zinc oxide (ZnO) and TiO, (Paul et al., 2021).

2.7.2.2 Zinc

Zinc is a chemical element represented by the symbol Zn, (zincum in Latin). It has an
atomic number of 30. It is most commonly used as a host material in compounds such
as ZnO, a wide band gap semiconductor with excellent optical and electronic

properties. When doped with other elements such as aluminium, gallium, copper and
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iron, ZnO can be tuned for specific functionalities, such as increasing n-type
conductivity, causing ferromagnetism or improving photocatalytic activity. ZnO's
versatility makes it useful in a variety of applications such as photocatalysis and

antibacterial coating, (Alharshan et al., 2023).

2.7.2.3 Copper

Copper is a chemical element represented by the symbol Cu, (cuprum in Latin). It has
an atomic number of 29. Copper is a versatile dopant that can be used in a variety of
host materials to improve their electronic and functional properties. Copper introduces
acceptor levels in semiconductors like zinc oxide and titanium dioxide, which
promotes p-type conductivity and increases photocatalytic efficiency under visible
light. However, copper's high mobility in materials such as silicon can cause
contamination, resulting in deep-level traps that degrade device performance. As a
result, copper doping must be carefully managed, particularly in sensitive electronic
applications, (Chu et al., 2022).

2.7.2.4 Vanadium

Vanadium is a chemical element represented by the symbol V (vanadis in Latin). It
has an atomic number of 23. It is a transition metal distinguished by its multiple
oxidation states (+2, +3, +4 and +5) and strong ability to form stable compounds.
Excellent optical, electrical and photocatalytic qualities make vanadium doped TiO: a
good choice for solar energy and environmental applications. However, it is
commonly avoided due to its tendency to form multiple oxidation states (V3**, V*,
V**), which create charge recombination centres and reduce photocatalytic efficiency

(Sunetal., 2021).

2.8 TiO2 Doping

This study uses iron (Fe) as the primary dopant for TiO:. Iron, a transition metal with
similar chemical properties to titanium, can easily substitute Ti*" ions in the TiO>
lattice. Its introduction is expected to create mid-level states within the conduction—
valence band, enhancing absorption of visible light and improving the material's
photocatalytic as well as optical characteristics. The discussion will focus on how iron
incorporation alters the crystalline and electrical properties of TiO», (Sultana et al.,

2023).
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2.8.1 Iron Doping

Fe’" has a crystal radius of 0.64 A, while that of Ti*" is 0.68 A, which makes it readily
substituted into the lattice. Fe doping is the intentional modification of a material's
physical, chemical or electronic properties by introducing small amounts of Fe atoms
into its crystal lattice, typically a semiconductor like TiO> (Shymanovska et al.,
2022a). When Fe is doped into TiOx, it usually replaces titanium atoms (Ti*") in the
crystal structure There are several oxidation states for Fe (Fe?*, Fe**) which can
provide intermediate energy levels in a wide forbidden energy gap (anatase TiO2: ~3.2
eV). The new levels are now trap states or stepping stone pathways for electrons that
"short-cut" the band gap. With this modification, the material would not only absorb
UV light but also absorb a larger amount of visible light, thus enhancing its potential
applications in solar energy and photocatalytic processes (Dong et al., 2024a). Doping
is a useful technique for materials such as TiO,. The creation of intermediate energy
levels within the TiO; forbidden energy gap increases the light absorption, which takes
place in the visible spectrum, beyond that of UV light (M. Abdul et al., 2021). This
enhances the photocatalytic and solar energy conversion efficiency of Fe:TiO». In
addition, the potential of iron to increase charge separation by being an electron or
hole trap can decrease the recombination rates and increase photocatalytic activity.
Doping also can control the electrical properties, such as increasing the conductivity
or changing the carrier concentration, as this is important in electronic and
photovoltaic devices. In environmental applications like pollutant degradation and gas
sensing sensing, iron can be used to enhance the surface reactivity of TiO (Ruzgar et
al, 2020). Chemical modification with iron is a powerful tool to enhance the properties
of solid state materials in many advanced technologies. The trapped states effect of

iron is shown in figure 2.5 below.
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Figure 2.5: Effects of Fe as trapped states (Ruzgar et al., 2020)

2.8.2 Role of Annealing in Thin Film Formation

Annealing is an important post-deposition process that has a significant impact on the
microstructural and light related characteristics of thin films. This process involves
heating the deposited films at controlled temperatures to remove any remaining
solvents, enhance crystallinity and promote the formation of well-defined phases (Rm
et al., 2020). As for TiO> thin films, annealing can facilitate the structural
transformation progressing from an amorphous phase to polymorphic crystalline
phases such as anatase or rutile, depending on the annealing temperature and duration
of the treatment.

Other important properties like grain growth, defect density and adhesion of film to
substrate are also affected by the annealing. The crystallinity and number of defects in
the films are generally improved with increasing annealing temperature, directly
optimizing its optical and electronic efficiency. However, if the temperature is too
high, then it could cause unwanted changes like cracking of films or unwanted phases.
As aresult, optimizing annealing conditions is crucial in order to deliver superior TiO»
thin films exhibiting attributes that are suitable for solar cell applications (Girakar et
al., 2020).
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2.9 Deposition of Thin Films

Thin film preparation involves the formation of a thin material coating on a substrate
generally exhibiting a coating thickness from a few nanometers to several
micrometers, to achieve a desired property. It is dependent on the desired
characteristics, the material type and the film application. The wet chemical technique
was used in combination with spin coating technique for the preparation of uniform
films with controlled thickness and composition in this research because of its
simplicity, low cost and capability of preparing uniform films with controlled
thickness and composition. Common techniques for producing thin films include
physical vapor deposition, chemical vapor deposition, electroplating, sol-gel
processing, chemical bath deposition, spin coating, dip coating, sputtering and thermal

evaporation (Moumen et al., 2022).

2.9.1 Dip Coating

Dip layer formation is a technique commonly employed to place a uniform film on a
surface. The process begins by immersing the surface into a liquid mixture containing
the desired material. The surface is then slowly withdrawn, allowing a thin and
uniform layer to form. Dip coating is widely used in fields such as electronics, optics,
coatings and nanotechnology (Manickam et al., 2020). However, immersion coating
has some limitations. Lightweight components can lift or drop from the moving belt
and the layer thickness may change along the height, a phenomenon referred to as the
tapered layer effect. Excess material can accumulate at the bottom of the components
as extra coating drips off and a portion of the applied layer can be stripped by rising

solvent fumes from the reservoir.

2.9.2 Vapor Deposition

Vacuum evaporation is an approach in which materials are heated in a high vacuum to
form a thin film on the base material. This is achieved by using an electron beam or
lasers to heat the materials in a vacuum, resulting in the formation of a nanolayer on
nearby surfaces such as glass or plastic. Vacuum evaporation is an important technique

for producing coatings on different types of objects (Xu et al., 2021).

I. Physical vapor deposition
Physical vapor deposition (PVD) is a vacuum-assisted technique used to produce films

and coatings. In this method, the material undergoes a physical transformation from a
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solid or liquid state into a gaseous phase and then condenses back onto a base material
to create a thin layer. The most frequently employed PVD techniques are sputtering

and evaporation.

ii. Vapor-Phase Chemical Deposition Method

Vapor-phase chemical deposition method is a vacuum-based approach for creating
thin films. During this process, a wafer is positioned in a chamber and subjected to
specific gaseous materials that readily vaporize. These gases interact and break down
on the wafer’s surface, creating the targeted thin film layer.The gas stream in the
reaction chamber removes volatile by-products produced during the process
(Chaudhari, 2021) . However, the practicality of vapour deposition in certain
applications is limited by a number of disadvantages. Depending on the precursor
materials, it is usually applied at high temperatures, which may limit its application on

substrates that are sensitive to temperature changes.

2.9.3 Sputtering

Sputter deposition is a process in which material is transferred from a source to a
surface using ionized atoms in a vacuum. lonized atoms are accelerated through a
plasma voltage toward the target, causing atoms from the target to be ejected and
deposited onto the substrate. These atoms accumulate on the base material, developing
a fine coating composed of the same material as the target (Simon, 2025). In fact,
sputter deposition can produce superior thin films and complex oxide superlattices.
However, it has some drawbacks, including expensive and complex equipment, slower
growth rates for certain materials and low target material utilization. Additionally, it
can heat the substrate and ion bombardment may damage sensitive materials (Depla

etal., 2010).

2.9.4 Electroplating

Electroplating is a technique that uses applied current to create a thin coating on the
surface of another material. Electrochemical deposition offers a promising approach
for producing different thin films because of its benefits, such as inexpensive
equipment and compatibility with large-scale manufacturing. The main disadvantages
of electroplating are its environmental impact due to hazardous waste; the high costs

of energy and equipment and the health and safety risks associated with handling toxic

21



chemicals. The process can also be time-consuming and may not result in a uniform

finish, particularly for complex shapes ( AAnand. et al., 2023).

2.9.5 Thermal evaporation

This technique involves evaporating the material under high to ultra-high vacuum
conditions. The base material is aligned with the vaporized particles inside the
enclosed chamber, enabling a conductive layer to develop atop its surface. A primary
benefit of this technique lies in the precise regulation it provides over the deposition
environment of the molecular coating, ensuring that the resulting layer on the base
material is highly uniform and structured. However, evaporative deposition has
several disadvantages including the fact that it is limited to materials with low melting
points, it is difficult to maintain stoichiometry for compounds and alloys. There is also
a risk of material decomposition at high temperatures, certain materials have poor
adhesion and some applications require long deposition times. The process can also

be energy intensive (Yunus et al., 2022).

2.9.6 Chemical Bath Deposition

Chemical bath deposition (CBD) is a low cost and simple method to make a thin film
from a solution of metal ions and an appropriate source of anions. This is a chemical
bath method in which a substrate is dipped into a chemical solution that takes time to
release reacting species to create a controlled nucleation and growth of a solid film on
the surface of the substrate. It typically takes place at relatively low temperatures and
needs no complicated apparatus, which makes it possible for coating large area
materials and substrates. The thickness of the films can be manipulated by changing
various parameters like deposition time, concentration, pH and temperature. The FDA
has noted, however, that CBD products suffer from several drawbacks such as poor
uniformity of the film, weak adhesion in some cases and inadequate control of exact
thickness and the production of chemical wastes which may have environmental

implications (Amudhavalli et al., 2022).

2.9.7 Spin Coating

Spin coating is a method for applying even thin layers of organic compounds onto flat
surfaces. A droplet of the solution is placed on the central part of the substrate, which
can remain still or rotate slowly. The substrate is subsequently rotated at the target

speed, causing the applied material to move outward under centrifugal force. The
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process continues until the layer reaches the intended depth. The properties and
uniformity of the resulting film are influenced by the rotation rate (in revolutions per
minute, rpm) and the spinning time (Mustafa et al., 2021).The main advantages of the
spin-coating approach are its convenience and ease of setup, as well as its thinness and
homogeneity (Butt, 2022). It is a popular method for creating thin oxide films like
titanium dioxide on flat substrates owing to its economical nature, user-friendliness
and excellent reproducibility (Priyalakshmi Devi et al., 2022). It is widely used in
applications requiring precise film thickness and surface uniformity, such as solar cells,

optical coatings, sensors and microelectronics.

2.9.8 Spin Coater

A spin coater is a laboratory instrument used to deposit a thin and uniform layer of a
liquid precursor or solution onto a flat substrate. It operates by rotating the substrate
at a controlled speed while a measured amount of the coating solution is placed on its
surface. The centrifugal force generated during rotation spreads the solution across the
substrate, while excess solution is expelled from the surface. The resulting film
thickness and uniformity are influenced by parameters such as spin speed, spinning
time, solution viscosity, precursor volume and the properties of the substrate. In this
study, a spin coater was used to deposit the Fe:TiO; precursor solution onto soda-lime

silica glass substrates.

2.9.8.1 Working Principle of a Spin Coater

The operation of a spin coater begins with placing and securing the substrate on a
rotating platform, commonly referred to as the spin chuck. A predetermined volume
of the Fe: TiO» precursor solution is then applied to the surface of the substrate. When
the motor is activated, the substrate rotates at a specified speed, generating centrifugal
forces that cause the liquid to spread radially from the centre toward the edges of the
substrate. As rotation continues, excess solution is removed from the substrate and the
liquid layer becomes progressively thinner. Solvent evaporation also occurs during
spinning, contributing to the formation of a thin and relatively uniform coating. The
final thickness and uniformity of the deposited film depend on the spinning speed and
duration, precursor volume, viscosity, solvent evaporation rate and solution properties.

Figure 2.6 and 2.7 show a spin coater and the steps in spin coating respectively.
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Figure 2.6 A spin coater at Murang’a University of Technology
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Figure 2.7: Spin coating technique
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(1) Deposition

At this stage, a measured volume of the precursor solution is dropped onto the centre
of the base material. The goal is to ensure enough solution is present to fully cover the
surface during spinning. The volume deposited is important because it directly
influences the final film thickness, too little may lead to incomplete coverage, while

too much can cause non-uniformity.

(i1) Spin-up

The substrate is rapidly accelerated to a high rotational speed. This sudden motion
spreads the liquid outward due to centrifugal force. During this phase, the initially
thick droplet begins to flatten and expand across the substrate surface. The acceleration

rate and final speed play a key role in determining how uniformly the film will form.

(iii) Spin-off

Once the desired speed is reached, excess solution is flung off the edges of the
substrate. This stage helps to thin the film and improve uniformity. The viscosity of
the solution and the spinning speed determine how much material is removed. A
balance is needed here, too much spin-off can make the film too thin, while too little

can leave it uneven.

(iv) Evaporation

As spinning continues, the solvent in the film begins to evaporate, leaving behind a
solid thin layer. This stage is critical for film formation because it determines the final
thickness, density and microstructure. Faster evaporation generally leads to thinner

films, while controlled evaporation helps improve film quality and uniformity.

2.10 Factors Affecting Thin Film Quality in Spin Coating

Some of the parameters that affect thin film quality produced by spin coating are spin
speed, spin time, precursor concentration and solution viscosity. The centrifugal force
to the solution is based on the spin speed, which will influence the thickness and
uniformity of the film. Faster speeds will give thinner films, slower speeds will give
thicker films, but may not be as uniform in thickness (Min, 2021). Likewise, the spin

time will influence the evaporation of the solvents, which can affect the process to an
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incomplete film formation if spent and to defects if over-spun.As well as these
parameters, the number of layers deposited and the annealing conditions are important
for determining the final film properties. Several layers can be used to increase
thickness of the film and provide better coverage of the surface, but can lead to stress
and cracking if too many layers are used. The crystallinity and phase formation depend
on the annealing temperature and time, especially for TiO» films, in which anatase-to-
rutile phase transition can take place. These factors therefore must be carefully

optimized to obtain high quality films for PV applications (Chaudhary, 2021).

2.11 Recombination Mechanisms in Thin Films and Efficiency Parameters of
Solar Cells

One of the primary factors that greatly affect the efficiency of semiconductor materials
in solar cell applications is recombination. This happens when excited electrons
release their energy as they form a bond with a hole which prevents them from
participating in electrical current generation. The recombination can occur in different
ways in TiO> thin films: radiative recombination, defect-assisted recombination which
are usually described by Shockley—Read—Hall processes and surface recombination at
the grain boundaries. The recombination is greatly affected by the level of doping and
the presence of structural defects. Controlled doping can increase the charge
separation and decrease the recombination rate, but when the density of defects will
be too high because of doping and/or synthesis the recombination rate will increase.
Thus, recombination should be avoided in PV devices as much as possible in order to
achieve high efficiency in PV devices. This can be achieved by controlling the material
composition, increasing the crystallinity and optimizing the manufacturing process

(Zerrouk et al., 2026a) (Bojtor et al., 2024).

Several parameters are used to assess the performance of solar cells, mainly open-
circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and overall
power conversion efficiency (PCE). Each of these parameters is important and gives
information on the efficiency of the device in converting incident light to electrical
energy. The efficiency of this system is decided by comparing the electrical power
produced by the solar cell with the solar power received by the solar cell. The intrinsic
properties of the material (band gap, charge carrier mobility, recombination rates, etc.)

directly affect these performance parameters. Therefore, increasing the absorption of
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light and reducing the recombination is crucial for increasing the efficiency of TiO»-
based systems. In this context, it is essential to establish the correlation between the
intrinsic characteristics of materials and these performance parameters when
designing and developing high performance thin film solar cells (Auf der Maur et al.,

2019).

2.12 Thermal Treatment Equipment

Thermal treatment equipment was used during the preparation of the Fe: TiO» thin
films to control the drying and heat treatment processes. The laboratory oven was used
for drying the coated substrates, while the muffle furnace was used for calcination of
the deposited films. The two processes served different purposes: oven drying
promoted the removal of volatile solvents from the deposited precursor layer, whereas
calcination at elevated temperature promoted decomposition of residual organic

components and the formation and stabilization of the TiO: crystalline structure.

2.12.1 Laboratory Oven

A laboratory oven is a temperature-controlled equipment used for heating and drying
samples under controlled conditions. In this study, the oven was used to dry the Fe:
TiOz-coated glass substrates at 120 °C for 2 hours after spin coating. During drying,
the heat supplied by the oven promoted evaporation of volatile components,
particularly solvents, from the deposited precursor layer. This process helped to
remove excess solvent and consolidate the coating before the subsequent high-

temperature calcination step. Figure 2.8 shows the oven that was used.
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Figure 2.8 A laboratory oven at Murang’a University of Technology

2.12.2 Muffle Furnace

A muftle furnace is an electrically heated furnace designed to provide controlled high-
temperature treatment of materials while minimizing direct contact between the
sample and combustion products. In this study, the dried Fe: TiO; thin films were
calcined in the muftle furnace at 450 °C for 2 hours. During calcination, the elevated
temperature promoted the decomposition and removal of residual organic compounds
from the precursor, enhanced the conversion of the deposited precursor into TiO> and
promoted crystallization and stabilization of the Fe: TiO, thin-film structure. The
calcination temperature was therefore important in obtaining the desired structural and

optical properties of the deposited films. Figure 2.9 shows a muffle furnace.
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Figure 2.9: A muffle furnace at Murang’a University of Technology

2.13 Analytical Techniques and Characterization of Coatings

Complementary characterization techniques are commonly used to gain information
about the structural, chemical and optical properties of Fe: TiO; thin film and each
characterization technique provide specific information about the quality and
performance of the thin film. The combination of XRD, FTIR spectroscopy and UV—
Vis spectroscopy are also commonly used to gain a full picture of how the thin film

properties change with fabrication parameters.

XRD is one of the most crucial techniques available to investigate crystalline
materials. It uses the diffraction of X-rays from the atomic planes in a crystal in
accordance with Bragg's law. The following features are used to identify the crystalline
phases present, to determine crystal structure, to evaluate crystallinity, to estimate
crystallite size using the Debye - Scherrer equation and to detect changes in lattice
structure that occur when dopants are incorporated. XRD can be especially useful for
Fe: TiO; thin films for distinguishing anatase and rutile phases and for evaluating the
effect of deposition parameters (precursor solution volume, spinning time, number of

coating layers) on crystal growth and the structural quality of the films.
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FTIR spectroscopy is used to detect the chemical bonds and functional groups in the
thin films by measuring the absorption of infrared radiation at wavelengths where
molecular vibrations produce absorption. FTIR can be used to confirm the presence of
Ti—O-Ti bonds that are characteristic of the TiO» network in sol—gel derived TiO> films
and can also identify the presence of Ti—-O-Fe bonding, which is indicative of
successful incorporation of Fe into the TiO; lattice (Zerrouk et al., 2026a). In addition,
FTIR can detect the presence of residual hydroxyl groups or organic species and/or
solvent related compounds that can be present in the films after synthesis and
annealing, thus giving important information on the chemical composition and purity

of the films.

The optical properties of semiconductor thin film are usually studied by using UV—
Vis spectroscopy. The method is based on the absorption and transmission of light in
the ultraviolet and visible part of the electromagnetic spectrum. The absorption spectra
can be used to determine the optical band gap by analyzing with the Tauc plot method.
The band gap is important since it dictates the range of wavelengths for which
absorption of light and creation of charge carriers can occur. For Fe: TiO» thin films,
UV-Vis spectroscopy is crucial for assessing the effect of Fe doping and spin-coating
parameters on the optical absorption, band-gap energy and as such the suitability of

the resulting thin films for photovoltaic applications.

The XRD, FTIR and UV-Vis spectroscopy results complement each other, giving
information about the structural, chemical and optical properties of Fe: TiO» thin films.
These techniques allow one to perform a detailed analysis of the impact of the
deposition parameters on the quality of the films and to optimize thin films in order to

enhance their photovoltaic performance (Arunmetha et al., 2024).

2.13.1 Fourier Transform Infrared Spectroscopy

FTIR is a very useful analytical tool that can be used to identify the chemical bonds,
functional groups and molecular interactions of a material. In the layers of Fe:TiO:
that are deposited, FTIR confirms the formation of Ti-O and Ti-O-Fe bond vibrations.
It also detects residual organic or precursor compounds from the synthesis process,
such as hydroxyl groups, alcohols or carbonates. Typically this spectrum is measured
in the mid-infrared region (4000-400 cm™), with each type of functional group

absorbing certain frequencies. Absorption bands around 400-800 cm™ are generally
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characteristic of the Ti-O-Ti stretching vibrations in TiO> films. These bands may be
suppressed or broadened slightly by the presence of Fe, which signifies that the doping
was successful or that there is a lattice distortion. FTIR can also be used to identify
water molecules that are still present on the material surface as hydroxyl (-OH) groups
and confirm the elimination of any remaining organic residues after annealing. This
makes FTIR particularly useful for sol-gel or spin coating processes, where it is crucial
to monitor the chemical evolution of the precursor to the oxide (Dong et al., 2024b)

(Foyshal et al., 2025).

2.13.1.1 Working Principle and Mechanism of FTIR spectrophotometer

FTIR spectroscopy is a vibrational spectroscopic technique used to identify chemical
bonds and functional groups present in a material. Its principle is based on the
absorption of infrared radiation by chemical bonds when the frequency of the incident
radiation corresponds to the natural vibrational frequency of the bond. The absorbed
energy causes molecules or lattice bonds to undergo vibrational motions such as
stretching and bending. Because different bonds have characteristic vibrational
frequencies, the absorbed infrared radiation produces distinct bands in the FTIR
spectrum, which are presented as a function of wavenumber. For the Fe: TiO; thin
films, the interaction of infrared radiation with the Ti—O-Ti lattice and possible Ti—O—
Fe bonding produces characteristic absorption bands, while additional bands may arise
from hydroxyl groups and residual organic species. FTIR was therefore important in
this study for confirming the formation of metal-oxygen bonds, identifying the
characteristic vibrational modes of the TiO> lattice and providing evidence of chemical
interactions associated with Fe incorporation into the TiO> matrix (Giechaskiel et al.,
2021). Figure 2.10 shows IR spirit Shimadzu Fourier Transform Infrared

spectrophotometer.
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Figure 2.10 IR spirit Shimadzu Fourier Transform Infrared (FTIR)

spectrophotometer at Murang’a University of Technology

2.13.2 Ultraviolet-visible spectroscopy

UV-Vis spectroscopy is a commonly used technique to investigate the optical
properties of thin films, like Fe:TiO2.The technique allows the assessment of how well
a film can absorb and transmit light in the optical region of the spectrum. In
photocatalytic and photovoltaic applications, the forbidden gap of the coating material
Fe:TiO; influences the function, hence it is essential to determine the light absorption
energy gap by using UV-Vis spectroscopy. Iron doping of TiO> normally moves the
absorption edge towards the visible spectrum, resulting in a reduced semiconductor
energy gap than in pure TiO». This enhancement in visible light absorption boosts the
material's effectiveness in solar energy utilization. The absorption spectrum can be
used to determine the band gap energy and its impact on the optical behaviour by using
the Tauc plots, which can be used to estimate the band gap energy and its effect on
optical behaviour as the function of the doping concentration or film thickness.
Moreover, UV-Vis spectroscopy can detect changes in transparency and light
scattering as a result of changes in or crystallinity. The technique is useful for
optimizing the Fe:TiO> thin films for use in solar cells and photocatalytic applications

(Nair et al., 2014) (Chandra Paul et al., 2022).

2.13.2.1 Working Principle and Mechanism of UV-Vis spectroscopy

UV-Vis spectroscopy is an optical characterization technique based on the absorption

of ultraviolet and visible electromagnetic radiation by a material, resulting in
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electronic transitions between different energy states. When radiation with photon
energy equal to or greater than the energy difference between allowed electronic states
interacts with a semiconductor, electrons can be excited from lower-energy states to
higher-energy states. In a semiconductor thin film, photons with sufficient energy can
promote electrons from the valence band to the conduction band, producing increased
optical absorption near the fundamental absorption edge. During measurement, the
intensity of radiation incident on the Fe: TiO2 film and the intensity transmitted
through the sample are compared over a selected wavelength range, producing an
absorption spectrum as a function of wavelength. The absorption data can
subsequently be converted into photon energy and used with the Tauc relation to
estimate the optical band-gap energy. In this study, UV—Vis spectroscopy was
therefore important for evaluating the optical absorption behaviour of the Fe: TiO»
films and determining their optical band-gap energies, which are important parameters

for assessing their suitability for solar-cell applications (Thomas et al., 2019). Figure

2.11 shows the Evolution one plus UV-Vis spectroscopy.

Figure 2.11 Evolution one plus UV-Vis spectroscopy at Murang’a University of

Technology
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2.13.2.2 Determining Band Gaps with Tauc Plots

Photon energy in relation to the absorption coefficient is commonly known as the Tauc
plot method for calculation of the optical band gap of semiconductor thin films. This
is a plot of (ahv)" against photon energy, hv and n identifies the electronic transition
and a is the absorption coefficient. The allowed transition of TiO: is usually indirect
and therefore n is assumed to be '%. The value of the optical forbidden energy gap is
estimated by extending the linear region of the graph to the energy axis. Accurate
measurement of the forbidden energy gap is important to study the suitability of TiO>
nano film for solar energy conversion. Increased absorption in the visible spectrum is
indicated by a smaller optical band gap, which is advantageous for raising photovoltaic
efficiency. The changes of forbidden energy gap of doped TiO: systems can be directly
correlated with the structural changes and impurity levels added. Consequently, the
Tauc plot is a very important analytical tool to relate material performance and optical

properties (Ghobadi, 2013; Ghosh et al., 2025).

2.13.3 X-ray diffraction

XRD is an analytical technique for studying the crystalline structure of thin films, such
as Fe: TiO,. X-ray diffraction identifies the film's phase composition, distinguishing
TiO2 polymorphs like anatase, rutile or brookite and detecting secondary phases
caused by iron doping. Evaluation of crystallite growth and lattice distortion in the
film can also be done using peak broadening analysis, which is often used with the
Scherrer equation. Therefore, XRD is also a crucial technique for studying the
structural integrity and phase purity of doped films that have major implications on

their light-related and electronic behavior (Zerrouk et al., 2026).

2.13.3.1 Working Principle and Mechanism of XRD

XRD is a non-destructive characterization technique used to investigate the
crystallographic structure, phase composition and structural properties of crystalline
materials. The technique is based on the interaction of incident X-rays with regularly
arranged atomic planes in a crystal. When monochromatic X-rays strike the crystal
planes, the X-rays are scattered by the atoms and constructive interference occurs
when the path difference between the scattered waves satisfies Bragg's law, nA =
2dsin®. During an XRD measurement, the angle of incidence is varied and the

intensity of the diffracted X-rays is recorded as a function of 26, producing a
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diffraction pattern consisting of characteristic peaks. The position of each peak is
related to the interplanar spacing and therefore enables identification of crystalline
phases, while peak width provides information about crystallite size and structural
disorder. In this study, XRD was important for identifying the anatase and rutile phases
of Fe:TiO,, examining changes in crystallinity associated with the deposition
parameters and estimating crystallite size using the Debye—Scherrer equation (Al-

Amin et al., 2025). Figure 2.12 shows ARL Equinox 100 X-Ray diffractometer.

Figure 2.12 ARL Equinox 100 X-Ray diffractometer (XRD) at Murang’a
University of Technology

2.13.3.2 Analysis of Crystallite Size and Structure

Using XRD data, the Scherrer equation is usually used to assess the structural
characteristics of thin films, such as crystallite size and lattice parameters. This
technique connects the size of the material's crystalline domains to the broadening of
diffraction peaks. Broader peaks are frequently the result of smaller crystallite sizes,
suggesting nanoscale structures that can have a major impact on optical and electronic
characteristics. The device efficiency of TiO> layers in solar applications is
significantly dictated by crystallite size. Increased surface area from smaller grains
can improve charge separation and light absorption. On the other hand, excessively

small crystallites could increase charge recombination by introducing more grain
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boundaries. Therefore, to increase device efficiency, an ideal balance between

crystallite size and crystallinity is required (Chandra Paul et al., 2022) .

2.14 Research Gaps and Proposed Solutions

The literature reviewed shows that TiO»-based thin films have been extensively
investigated for photovoltaic and related applications. However, several aspects
remain insufficiently addressed, particularly regarding the selection and modification
of TiO2, the synthesis of Fe: TiO», the deposition conditions used to form thin films
and the comprehensive characterization and stability assessment of the resulting films.
The major research gaps identified from the reviewed literature and the approaches

adopted in the present study to address them are discussed below.

2.14.1 Material Selected: TiO2

TiO2 is one of the widely investigated semiconductor materials for photovoltaic and
other optoelectronic applications because of its chemical stability, non-toxicity,
relatively low cost, optical transparency and suitable electronic properties. It has also
been widely employed as an electron-transport or window-layer material in
photovoltaic devices. However, its relatively wide band gap limits its intrinsic
absorption mainly to the ultraviolet region of the solar spectrum, thereby restricting its

utilization of the available solar radiation.

Although TiO2 possesses several properties desirable for photovoltaic applications, its
wide band gap and consequently limited visible-light absorption remain important
limitations. Various approaches have therefore been explored to modify TiO2 and
improve its optical and electronic properties. However, further investigation is
required to establish suitable modifications and processing conditions that can

improve the properties of TiO2 thin films while retaining its inherent advantages.

The present study selected TiOz as the base material because of its favourable chemical,
optical and electronic properties and investigated its modification through Fe doping.
The study further examined how controlled fabrication parameters influence the
resulting Fe: TiO2 thin-film properties, thereby providing an approach for improving

the suitability of TiO2 for potential photovoltaic applications.
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2.14.2 Choice of Dopant: Iron

Doping TiO2 with transition-metal ions has been investigated as a means of modifying
its structural and optical properties. Among the transition metals, iron is an attractive
dopant because the ionic radius of Fe** is relatively close to that of Ti**, allowing Fe
ions to interact with the TiO: lattice. Fe incorporation can modify the electronic
structure of TiO2 by introducing impurity-related energy states and can consequently

influence its optical absorption and structural characteristics.

Although Fe-doped TiO2 has been investigated in previous studies, the reported
structural and optical properties vary depending on the Fe concentration, synthesis
conditions, heat-treatment conditions and deposition parameters employed. This
variation makes it difficult to establish a generally applicable set of conditions for
obtaining Fe: TiO2 thin films with desirable properties. In addition, studies have not
always systematically examined the influence of the deposition conditions while

maintaining the Fe concentration constant.

The present study selected iron as the dopant and maintained its concentration at 3
mol% while systematically investigating selected deposition parameters. This
controlled approach allowed the study to focus on how fabrication conditions
influence the structural and optical properties of Fe: TiOz thin films rather than

introducing the additional variable of changing dopant concentration.

2.14.3 Thin-Film Synthesis Techniques

Several techniques have been used to synthesize TiO2-based thin films, including sol-
gel processing, chemical vapour deposition, physical vapour deposition, sputtering,
spray pyrolysis and related chemical deposition approaches. The synthesis route can
influence the composition, crystallinity, phase formation and optical characteristics of
the resulting thin films. Sol-gel processing is particularly attractive for thin-film
preparation because of its relatively simple procedure, low equipment requirements

and ability to provide control over precursor composition.

Despite the availability of different thin-film synthesis routes, variations in precursor
chemistry, stabilizing agents, synthesis conditions, ageing and heat treatment can
produce differences in the properties of Fe: TiO> thin films. There is therefore a need

for a controlled and reproducible synthesis procedure in which the precursor
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composition and preparation conditions are consistently maintained before

investigating the subsequent deposition parameters.

The present study employed a sol-gel synthesis route to prepare the Fe: TiO2 precursor
solution. Titanium(IV) isopropoxide was used as the titanium precursor, ferric nitrate
as the Fe source, ethanol as the solvent and diethanolamine as a stabilizing/chelating
agent. The precursor preparation, stirring, ageing and heat-treatment conditions were

controlled to obtain a consistent Fe: TiO» precursor for thin-film deposition.

2.14.4 Thin-Film Deposition Methods

Different deposition methods have been used to deposit TiO2 and doped TiO> thin
films, including spin coating, dip coating, spray pyrolysis, sputtering and chemical
vapour deposition. These techniques differ in their equipment requirements,
deposition mechanisms, film-thickness control, uniformity and scalability. Spin
coating is particularly suitable for laboratory-scale thin-film fabrication because it is
relatively simple, economical and allows several deposition parameters to be

controlled.

Although spin coating has been used to deposit TiO2-based thin films, the properties
of the resulting films depend strongly on deposition conditions. Variations in precursor
solution volume, spinning time, spin speed and number of coating cycles can influence
film thickness, crystallinity, optical absorption and band-gap behaviour. However, the
effects of precursor solution volume, spinning time and number of coating layers on
Fe: TiO2 thin films have not been sufficiently investigated under a consistent set of
experimental conditions. This creates a need for systematic optimization of these

parameters.

The present study employed spin coating to deposit Fe: TiO> thin films on soda-lime
silica glass substrates. A constant spin speed of 3000 rpm was maintained while the
selected deposition parameters were systematically varied. The study first investigated
precursor solution volume, followed by spinning time and number of coating layers.
The optimum conditions were subsequently identified based on the structural and

optical properties of the deposited films.
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2.14.5 Characterization Techniques

The properties of TiOz-based thin films are commonly investigated using
complementary characterization techniques. XRD provides information on crystal
structure, phase composition, crystallinity and crystallite size, while FTIR
spectroscopy provides information on chemical bonding and vibrational
characteristics. UV-Visible spectroscopy provides information on optical absorption
and enables estimation of the optical band gap. Other advanced techniques, such as
scanning electron microscopy, transmission electron microscopy, Raman spectroscopy
and X-ray photoelectron spectroscopy, can provide additional information on

morphology, microstructure and surface chemistry.

Previous studies have characterized TiO2 and Fe: TiO: thin films using different
combinations of characterization techniques, but the relationship between deposition
parameters and the resulting structural, bonding and optical properties requires further
systematic investigation. Furthermore, characterization is often concentrated on the
properties of freshly prepared films, while the short-term structural stability of

optimized Fe: TiO2 thin films receive less attention.

The present study employed XRD, FTIR and UV-Vis spectroscopy as complementary
characterization techniques. XRD was used to investigate the crystalline structure,
phase composition and crystallite characteristics; FTIR was used to examine the
bonding and vibrational characteristics; and UV-Vis spectroscopy was used to evaluate
optical absorption and band-gap behaviour. In addition, the optimized Fe: TiO; thin

film was monitored using XRD over 28 days to evaluate its structural stability.

2.14.6 Overall Research Gap Addressed by the Study

From the reviewed literature, the major gap is not the absence of research on TiO2, Fe
doping, thin-film deposition or characterization individually, but the limited
systematic integration of these aspects for Fe: TiO: thin films under controlled
deposition conditions. The present study addresses this gap by using TiO: as the base
material, Fe as the dopant at a fixed concentration of 3 mol%, sol-gel processing for
precursor synthesis and spin coating for thin-film deposition. The study systematically
investigates precursor solution volume, spinning time and number of coating layers
and evaluates their effects using XRD, FTIR and UV-Vis spectroscopy. Finally, the
structural stability of the optimized film is assessed over 28 days using XRD. This
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approach provides a controlled framework for establishing the relationship between
deposition conditions and the structural and optical properties of Fe: TiO2 thin films

for potential photovoltaic applications.

2.15 Chapter Summary

This chapter reviewed the literature on TiO2-based thin films, with emphasis on their
potential for photovoltaic applications. TiO2 was identified as a chemically stable,
non-toxic and relatively inexpensive semiconductor material with suitable optical and
electronic properties, although its wide band gap limits its absorption mainly to the
ultraviolet region. The review further established that Fe is a suitable dopant for
modifying the structural and optical properties of TiO2 because of its ability to
influence the electronic structure and introduce impurity-related energy states within

the TiO2 band gap.

The chapter also examined the different synthesis and thin-film deposition approaches
used for TiO2 and Fe: TiO2 coatings. Although several methods have been reported,
variations in precursor chemistry, synthesis conditions and deposition parameters have
resulted in differences in the properties of Fe: TiO2 thin films. Spin coating was
therefore identified as a suitable deposition technique for the present study because of
its simplicity, cost-effectiveness and ability to provide controlled thin-film deposition.
The reviewed literature further showed the importance of controlling parameters such
as precursor solution volume, spinning time and number of coating layers in
determining the structural and optical characteristics of the resulting films. The chapter
also reviewed the characterization techniques applicable to TiO:-based thin films,
particularly X-ray diffraction, Fourier-transform infrared spectroscopy and UV-
Visible spectroscopy. The literature indicated that these techniques provide
complementary information on the crystallographic, bonding and optical properties of
the films. However, the review revealed a need for more systematic investigation
linking controlled deposition parameters to the structural and optical properties of Fe:
TiOz2 thin films, together with assessment of their structural stability after deposition.
Based on these identified gaps, the present study focuses on optimizing precursor
solution volume, spinning time and number of coating layers and assessing the 28-day

structural stability of Fe: TiO> thin films using XRD, FTIR and UV-Vis spectroscopy.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Introduction

This chapter presents the materials and experimental methods used in the synthesis
and characterization of Fe: TiO; thin films. It describes the preparation of the precursor
solution, deposition of the films using the sol-gel spin coating technique and
subsequent drying and heat treatment. The chapter also outlines the experimental
parameters investigated, including precursor volume, spinning time, number of
coating layers and film stability. The characterization techniques and data analysis
methods used to evaluate the structural, chemical and optical properties of the films

are also presented.

3.2 Materials

The following chemicals were used: Titanium (IV) isopropoxide [Ti[OCH(CH3)2]4]
(purity 97.0%), iron (III) nitrate nanohydrate [Fe (NO3); ]'9H20 (purity 99.0%),
Diethanolamine (DEA) (purity 99.9%), absolute ethanol [C2HsO] (purity 99.9%) and
acetone (purity 99.8%), silica glass substrates. All chemicals were obtained from

Sigma Aldrich.

The following equipment and instruments were used: Digital analytical balance,
magnetic stirrer with hot plate, spin coater, laboratory oven, muffle furnace, ARL
Equinox 100 X-Ray diffractometer, Fourier Transform Infrared spectrometer, UV—
Visible spectrophotometer, measuring cylinders, micropipettes, beakers and

laboratory glassware.

All the equipment and instruments used in this study were available at Murang’a
University of Technology (MUT). The laboratory work, including sample preparation,
thin-film deposition, heat treatment and characterization, was conducted in the

Research Laboratory at MUT, Murang’a, Kenya.

3.3 Methods
Iron doped titanium dioxide thin films were deposited using modified sol-gel spin

coating technique adapted from (Lin et al. 2014).
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3.3.1 Deposition of Fe:TiO2 thin films of varying precursor volumes using spin
coating technique

In two separate 100 mL beakers, 10 mL of titanium (IV) isopropoxide was mixed with
20 mL of absolute ethanol (Solution A) and 5 mL of DEA was mixed with 5 mL of
absolute ethanol (Solution B) respectively. 3 mol% iron (III) nitrate nanohydrate
(Fe(NO3)3-9H20) was added to 5 mL of absolute ethanol in a 50mL beaker (Solution
C). To prepare the Fe: TiO; sol-gel, solution B was added to solution A and the mixture
stirred using a magnetic stirrer at 250 rpm at room temperature for 10 minutes
(Solution D). Solution D was then added to solution C to form Solution E. The
resultant solution was stirred continuously at 250 rpm at 75 °C for 90 minutes to form
a homogeneous solution, which was aged for 24 hours. The prepared gel was spin-
coated onto clean soda-lime silica substrates at 3000 rpm for 30 seconds and the
coating process was repeated until 0.5 mL,1.0 mL,1.5 mL,2.0 mL and 2.5 mL of
Solution E depleted to obtain five different uniform films. The films were dried in the
oven at 120 °C for 2 hours and then calcined in an electric furnace at 450 °C for 2
hours to form thin films of Fe: TiO». Figure 3.1 shows a schematic flow chart of the

procedure described in section 3.2.1 above.
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Figure 3.1: Schematic flow chart of the preparation and deposition of Fe: TiO2

thin films
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3.3.2 Variation of Spinning Time in the Deposition of Fe:TiO; Films

To investigate the effects of spinning time on the structural and optical properties of
Fe:TiO; thin films, sol-gel synthesis was carried out as described in 3.2.1. The
spinning time was varied from 10 s to 60 s at 3000 rpm. At 10 s interval, 1.0 mL of
Solution E was spin coated onto clean soda-lime substrates to isolate the effect of
spinning time. The samples were dried at 120 °C for 2 hours and calcined at 450 °C

for 2 hours.

3.3.3 Formation of spin coated layers of Fe:TiO2 Thin Films

To investigate how the number of spin-coated coatings influenced the structure and
light-interaction characteristics of Fe:TiO: films, 1.0 mL of solution E was spin coated
onto clean glass substrates at 3000 rpm for 30 s per layer, while the number of coating
layers was varied as 1, 2, 3, 4 and 5 layers. After the deposition of each layer, the films
were dried at 120 °C for 2 hours prior to the application of the subsequent layer. Upon
completion of the desired number of layers, all samples were calcined at 450 °C for 2

hours.

3.3.4 Stability of Fe: TiO2 Thin Films over Twenty Eight Days

To assess the stability of Fe:TiO; thin films, 1 mL of solution E was used to deposit 5
layers at 3000 rpm for 30 s, dried at 120 °C for 2 hours and calcined at 450°C for 2
hours. The films were stored in a dark room. Structural characterizations were

performed once in 7 days for 28 days.

3.4 Characterization of the Fe: TiO2 Thin Films

The deposited Fe:TiO> thin films were characterized to evaluate their structural,
chemical and optical properties, which are critical in determining their suitability for
photovoltaic applications. XRD was used to investigate the crystalline structure, phase
composition and crystallite size of the films. FTIR spectroscopy was employed to
identify the chemical bonds and confirm the incorporation of Fe into the TiO: lattice,
while UV-Vis spectroscopy was used to determine the optical absorption
characteristics and band gap energy of the films. The combined use of these
complementary techniques provided a comprehensive assessment of the effects of
precursor solution volume, spinning time, number of coating layersand storage period

on the properties of the synthesized the Fe:TiO; thin films.

43



3.4.1 X-ray diffraction Analysis

The crystal structure and phase composition of the Fe:TiO, thin films were
characterized using ARL Equinox 100 X-Ray diffractometer at MUT research
laboratory. Prior to sample analysis, a background scan was performed to eliminate
diffraction contributions from the instrument and the environment, thereby improving
the accuracy of the diffraction patterns. The coated glass substrate was then mounted
on the sample holder with the coated surface facing the incident X-ray beam. The
diffraction patterns were recorded over 0-20 scanning range, current set to 0.9A, a

voltage of 40kV, using Cu Ko radiation (A = 1.5406 A).

The obtained diffraction peaks were compared with standard JCPDS reference cards
to identify the crystalline phases present. Bragg’s law was used to determine the lattice

spacing of thin films (Doan et al., 2020)
NA = 2dSiN0 ..o (3.1)

Where n is the order of diffraction (1), is the X ray wavelength (1.5406 A), 8 is
the Bragg’s angle, which is half of the diffraction peak position 20, d is the interplanar

spacing.

The average crystallite size of the thin films was calculated using the Scherrer equation

(Muniz et al., 2016).

Where D is the average crystallite size, A is the X ray wavelength, 0 is the Bragg’s
angle, which is half of the diffraction peak position 20, 8 is the full width at half

maximum and K is Scherrer constant (0.9).

3.4.2 FTIR Analysis

IR spirit Shimadzu FTIR spectrophotometer at MUT research laboratory was
employed to investigate the chemical bonding and functional groups present in the Fe:
thin films. Before sample analysis, a background spectrum was collected to remove
the contribution of atmospheric gases and the instrument. The coated glass substrate

was then placed in the sample compartmentand the infrared spectrum was recorded
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over the wavenumber range of 4000—400 cm™. The absorption bands obtained were
analysed to identify the characteristic Ti-O-Ti and Ti—O—Fe vibrations, as well as
hydroxyl groups and any residual organic species remaining after synthesis and
annealing. The observed absorption bands were compared with values reported in the

literature to confirm the chemical composition of the deposited films.

3.4.3 UV-Vis analysis

The optical properties of the Fe: TiO> thin films were investigated using Evolution one
plus UV-Vis spectrophotometer at MUT research laboratory. A clean uncoated glass
substrate was used as the reference (blank) before analysing the coated samples. The
coated films were placed in the sample holder and the absorbance spectra were
recorded over the wavelength range of 300-900 nm. The absorbance data were
converted into absorption coefficient values and Tauc plots were constructed to
determine the optical band gap energy of the films. Band gap of the thin films was
calculated using Tauc’s relation (Dhruv et al., 2023) (Baishya et al., 2018).

ahv =ACthv —Eg)" ... (3.3)

Where « is the absorption coefficient of the material, A is the proportionality
constant, hv is the photon energy, E; is the band gap and n is % for indirect allowed

transmission. The variation in the optical band gap with precursor solution volume,
spinning time and number of coating layers was then evaluated to determine the

optimum deposition conditions for photovoltaic applications.

3.5 Chapter Summary

This chapter described the experimental procedures used to prepare and characterize
Fe: TiO> thin films deposited on glass substrates by the sol-gel spin coating method.
The preparation of the precursor solution, film deposition, drying and calcination
procedures were presented. The experimental variables and characterization
techniques, including XRD, FTIR and UV—Vis spectroscopy, were also discussed.
The methods used to determine crystallite size and optical band gap were outlined,
providing a basis for the presentation and discussion of the experimental results in

the following chapter.

45



CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results obtained from synthesis and characterization of iron-
doped titanium dioxide thin films. The results discusses the effect of spinning time,
number of spin coated layers and film stability over a 28-day period on the structural

and optical properties of Fe:TiO> thin films.

4.2 Fe: TiO:z Thin Films Spin Coated Using Varying Precursor Solution Volumes
Fe: TiO2 uniform coatings were effectively coated on silica glass substrates via the
spin coating technique using varying precursor solution volumes to investigate their

influence on film formation and structural properties.

4.2.1 XRD Analysis of Fe:TiO:2 Thin Films Spin Coated Using Varying Precursor
Volumes

The structural characterization of the thin films was conducted using ARL Equinox
100 X-Ray diffractometer. Figure 4.1 following displays the XRD patterns of Fe-
doped TiO; thin layers formed through spin coating with precursor volumes ranging
from 0.5 ml to 2.5 ml volume (a) full range XRD pattern and (b) magnified XRD
pattern. The prominent diffraction peaks observed at 20 ~ 27.4° and 260 ~ 49°
correspond to the (110) plane of the rutile phase and (200) plane of the anatase phase
of TiO: respectively. These are consistent with the standard JCPDS cards (21-1276)
and (21-1272) respectively.
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Figure 4.1: XRD spectra of Fe: TiO: thin films of varying precursor volume (a)
Full range XRD pattern (b) Magnified XRD pattern

The XRD pattern confirms the coexistence of both rutile and anatase phases in the Fe
TiO: thin films. This mixed-phase formation occurs because annealing at 450 °C falls
within the temperature range where anatase begins transforming into rutile but the
conversion is not fully completed. In addition, Fe doping introduces lattice distortions
and oxygen vacancies that stabilize the coexistence of both phases by hindering full
phase transformation. The anatase to rutile phase transition is facilitated by Fe doping
in conjunction with the annealing temperature. This result aligns with prior studies
(Dong et al.,2024). The XRD patterns show no secondary phases related to iron oxides,
suggesting that Fe ions are incorporated into the TiO, lattice. This confirms the
structural purity of the films within the XRD detection limits and is consistent with

previous work (Lin et al., 2012).

It can be observed that the films made with 0.5 mL and 1.0 mL precursor volume have
relatively sharp and well-defined diffraction peaks, suggesting good crystallinity and
effective crystal growth in these two volumes. The intensity of plane (110) is seen to
be sharp and most intense in the 1.0mL sample, indicating a good balance between the
availability of suitable precursors and the process of nucleation which results in highly

ordered grains. The findings demonstrate that peaks become increasingly wide and

47



less sharp as the volume of the precursor is increased, as seen from the films prepared
with higher precursor volume 1.5-2.5 mL. This can be explained by the internal strain
of the film and possible agglomeration effect which makes the crystal growth not
uniform. The peaks are also broader at higher volumes, which indicates that the

crystallite size is decreased and there is an increase in structural disorder.

The average crystallite size of thin films was calculated using Debye Scherrer equation
(Ravi et al., 2021).

D_Kk

= 4.1
B COS 0

Where D is the average crystallite size (usually in nm), K is the Scherrer shape factor
(0.9), A is the X-ray wavelength 0.15406 nm for Cu Ka used, P is full width at half
maximum (FWHM) in radians and 6 is Bragg’s angle which is half of 260. The
crystallite sizes of Fe:TiO; thin films were observed in Table 4.1 to range between
3.89 nmat 27.79% and 4.11 nm at 27.73° across all samples. The crystallite size showed
only slight variation with increasing precursor volume, indicating that the changes in
precursor volume did not produce a consistent increase in the estimated crystallite size
under the deposition conditions used. The consistent small crystallite sizes substantiate
the nanocrystalline architecture of the films and are ascribed to the presence of Fe

dopants, which introduce lattice strain and defects that inhibit crystal growth.

Bragg’s law was used to calculate the interplanar d spacing of Fe:TiO2 thin film
(Dinnebier et al., 2019)

nA=2dsind 4.2

Where X-ray wavelength A used was of Cu Ko = 1.5406 A, n is an integer 1, d is the
inter-planar spacing and 6 is the diffraction angle from XRD pattern. The lattice
parameters were determined from the XRD data by assuming a tetragonal structure
and applying the relation (Sahadat et al., 2023)

1 _h24k2 | 12

LB 43

dz a2 c?

using the measured d-spacing values and corresponding Miller indices. The lattice

constant a was specifically determined using the (110) diffraction plane. Table 4.1
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following summarizes the crystallite size, FWHM and the lattice parameters of Fe:

TiOz thin films deposited using different volumes.

Table 4. 1: Summary of the crystallite sizes, FWHM and the lattice parameters

of Fe: TiOz2 thin films deposited using different precursor volumes.

Plane |26 FWHM | Crystallite | dnw Lattice
Sample (hkl) | (°) (®) size (nm) | (A) parameter a
(mL) A)
0.5 110 27.79 |2.101 3.893 3.208 | 4.537
1.0 110 27.73 1.992 4.107 3214 | 4.545
200 49.60 |2.078 4.211 1.836 | 3.672
1.5 110 27.71 1.997 4.097 3.216 | 4.548
2.0 110 27.70 | 2.031 4.028 3.218 | 4.550
2.5 110 27.55 ]2.091 3911 3.235 |4.575

The influence of precursor volume on the crystallographic characteristics of the
coatings shows a clear trend in crystallinity and crystallite size. For the sample
prepared using 0.5 mL precursor volume, the diffraction peak at 26 = 27.79°
corresponding to the (110) plane exhibits a relatively high FWHM value of 2.101°,
indicating broader peaks and thus lower crystallinity, which is supported by the small
crystallite size of 3.893 nm, suggesting limited crystal growth due to insufficient
precursor material. Previous studies have demonstrated that precursor concentration
or molarity can influence the crystallinity and crystallite size of TiO, thin films, with
changes in precursor availability affecting the structural development of the deposited
films (Shuhadah et al., 2018). The FWHM value at 1.0 mL is slightly narrowed
(decreased) to 1.992° and the crystallite size is increased to 4.107 nm; a similar trend
is observed at 1.5 mL (1.997° and 4.097 nm) where the crystal structure around this
precursor volume is stabilized. The FWHM of the 2.0 mL sample slightly increases to
2.031° with a slight reduction in crystallite size to 4.028 nm and at 2.5 mL, the FWHM
increases to 2.091° with the corresponding reduction in crystallite size to 3.911 nm
indicating that there was a minor decrease in crystallinity and possible structural
imperfections. Similar dependence of TiO; crystallite characteristics on precursor

concentration has been reported, indicating that changes in precursor conditions can
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modify the structural development and crystallite size of TiO; films (Khetta et al.,
2022). The variation of full width at half maximum (FWHM) and crystallite size with
the volume deposited on the base material is illustrated in figure 4.2 for the Fe:TiO>
thin coatings annealed at 450 °C.
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Figure 4.2: Variation of FWHM and Crystallite Size of deposited Fe: TiO2 thin

films using varying volumes of the precursor.

Based on the structural analysis, a precursor volume of 1.0 mL was identified as the
optimum deposition condition for the Fe: TiO, thin films. At this volume, the film
exhibited the highest diffraction peak intensity, the lowest FWHM of , an average
lattice parameter of 4.545 A and a crystallite size of approximately 4.107 nm. The
lower FWHM indicates reduced peak broadening and is consistent with the relatively
larger crystallite size estimated at this volume. This behaviour agrees with reports that
precursor conditions can strongly influence the crystallization and crystallite
development of TiO; thin films. reported that increasing Ti precursor concentration
improved the crystallization of TiO; films and increased crystallite size from 30 to 47

nm (Khetta et al., 2022). Similarly, it was observed that increasing precursor
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concentration affected crystallite size and was accompanied by a reduction in
microstrain and dislocation density (Gapale et al., 2018). The present study did not
demonstrate that crystallites size increases linearly with the volume of the precursor.
On the contrary, the peak was found to be at 1.0 mL and then the crystallite sizes
slightly decreased and the FWHM increased. This result contradicts previous reports
of a gradual increase in precursor volume and may be related to the following factors:
the volume of the precursor in the spin coating process does not necessarily relate
directly to the concentration of the precursor in the solution as well as to the spreading,
solvent evaporation, film thickness and the fixed spinning and annealing conditions.
The present results, therefore, indicate 1.0 mL to be a more advantageous ratio of the
deposited material and the conditions for crystallite formation when the conditions
used in this study are applied. The slight increase in FWHM and decrease in crystallite
size with the increase in precursor amount indicates that the crystallographic
properties did not improve further with the addition of more precursor at high volume.
The same non-linear dependency of the crystallite properties on precursor parameters

was also observed for TiO; thin films.

4.2.2 FTIR Analysis of Fe:TiO2 Thin Films Spin Coated Using Varying Precursor
Volumes

The functional groups and bonding properties of the Fe: TiO> thin films were i1dentified
by IR spirit Shimadzu FTIR spectrophotometer. Figure 4.3 following presents the

resulting spectra for the various samples.
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Figure 4.3: FT-IR spectra of Fe:TiO: thin films deposited using different

precursor volumes

The absorption bands at 777 cm™ and 833 cm™! are identified to be of Ti -O -Ti lattice
vibrations, which proves the existence of the TiO» network. The peaks of 920 cm™ and
926 cm™! are related to Ti—O-Fe and Ti-O-Ti stretches, which confirms the effective
incorporation of Fe ions into the TiO, framework. The bands at 1464 cm™ and 1514
cm™ are C-H bending and potential C-C stretch vibrations, which indicate the
existence of remaining organic species. The H-O-H bending vibrations of the
adsorbed water molecules are attributed to the absorption peak of 1652 cm™ which
was observed earlier (Mercy et al., 2026a). The weak bands between 2800- 3000 cm™
I are ascribbed to C -H stretching vibrations in the higher wavenumber region and the
broad absorption band in the 3200-3500 cm™ range is indexed to the O-H stretching
vibrations of hydroxyl groups agreeing to earlier reports (Estrada-Flores et al., 2020).
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In general, the precursor volume changes affected the vibrational behavior of the
functional-group bands for the Fe: TiO, thin films and affected the relative intensity
of the functional-group bands in the films. The characteristic Ti-O-Ti and Ti—-O-Fe
stretching vibration frequencies were still present throughout the precursor volumes
studied, suggesting that the basic TiO, bonding network was retained with the
incorporation of Fe. These changes in the intensity of the bands with the precursor
volume can be correlated with changes in the quantity of material deposited and,
therefore, the number of bonds that cause an infrared absorption. Other changes in the
relative intensities of the C—H, H-O—H and O—H bands may relate to the differing
amounts of precursor-derived organic species, adsorbed moisture and hydroxyl groups
that may be present after drying and calcination. Thus, changing the precursor volume
had a greater impact on the relative abundance and vibrational response of the existing
functional groups and not in the introduction of entirely new bonding species. In
summary, the FTIR results suggest that the amount of precursor affects the bonding
environment and relative abundance of remaining functional groups, but does not
affect the characteristic Ti-O-Ti and Ti—-O-Fe bonds of the Fe: TiO: thin-film

network.

4.2.3 UV-Vis Spectroscopy Analysis Of Fe:TiO2 Thin Films Spin Coated Using

Varying Precursor Volumes

The optical properties and band gap of the Fe:TiO> thin films prepared using different
amounts of precursors were investigated using Evolution one plus UV-Vis
spectrophotometer. Absorbance spectra were obtained at 300-900 nm and forbidden
energy gaps were estimated based on Tauc plots of the absorption data. Quantitative
evaluation of the forbidden energy gap (E;) was carried out using Tauc methodology
through graphical Tauc plot construction. Equation 4.4 gives the Tauc relation

(Dolgonos et al., 2016).

(ORVY'ZA(RY-Ey) oovveereeeeeeeeeeeeeeseeeeeeeeseeeeeeeeeeeeseesesee e see e seeseesesee e 4.4

Where o is the absorption coefficient, hv is the photon energy, Eg is the optical

bandgap, A is the proportionality constant, while n depends on the number of
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1
electronic transitions i.e. n=2 for direct allowed transitions, while n =2 for indirect

allowed transitions. Figure 4.4 following presents (a) the absorbance spectra as a
function of wavelength and (b) the Tauc plots of (ahv)l/ 2 versus photon energy

(hv) for films deposited using precursor volumes ranging from 0.5 ml to 2.5 ml. The

extracted band gap values for each sample are also indicated in the figure.
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Figure 4.4: (a) Absorbance spectra as a function of wavelength and (b) Tauc

1/2
plots of (ahv) / versus photon energy (hv) for Fe-doped TiOz2 thin films

deposited using precursor solution volumes ranging from 0.5 mL to 2.5 mL.

As can be seen from figure 4.4, the volume of the precursor solution has a significant
effect on the optical properties of the Fe: TiO; thin films. The absorbance spectra
reveal a characteristic optical response of TiO, with strong spectral absorption in the
ultraviolet region for all samples. Absorbance intensity changes and changes in the
position of the absorption edge occur with changes in precursor volume,
demonstrating alterations in the electronic profile and microstructural architecture of
the ultrathin layer. The optical band gap values obtained from Tauc plot demonstrate
that it ranges from 3.22 eV to 3.36 eV with respect to precursor volume. The lowest
forbidden energy gap estimate of 3.22 eV is found for the 1.0mL sample, whereas the
band gap values of the 1.5mL sample and the 2.0mL sample are 3.35¢V and 3.36¢V,

respectively. A marginal decrease to 3.27 eV is subsequently seen for the 2.5 mL film.
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This non-uniform variation implies that the volume of the precursors has an influence
on crystallinity, grain-growth and defect-concentration as well as film thickness. The
decrease in the band gap from 3.30 eV (0.5 mL) to 3.22 eV (1.0 mL) could be
explained by the better incorporation of the Fe ions and the creation of localized
impurity states near the band gaps, resulting in easier electronic transitions at lower
energy. The larger band gap may be correlated with better crystal quality and decreased
defect levels as the precursor material is increased further. The small reduction in band
gap at the highest precursor volume might stem from the presence of extra structural
defects and localized states with thicker films. The results show precursor volume to
be a key parameter for controlling the optoelectronic response of Fe:TiO: thin films,
both by its effect on the film microstructure and on its effect on the electronic energy

levels which is in line with earlier reports (Mesoudy et al., 2023).

4.3 Deposited Fe: TiO2 Thin Films using Varying Spinning Times

Fe:TiO; thin films were successfully deposited using the spin-coating technique with
varying spinning times and their crystallographic and light related characteristics were
systematically investigated to evaluate the influence of spinning duration on the

quality and functionality the films.

4.3.1 XRD Analysis of Fe:TiO2 Thin Films Deposited using Varying Spinning
Times

ARL Equinox 100 X-Ray diffractometer. Figure 4.5 following shows the XRD
patterns of Fe:TiO: thin films formed through spin coating at different durations from

10 seconds to 60 seconds.
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Figure 4.4: XRD patterns of Fe: TiO2 thin films spin coated using different
durations (a) full range XRD pattern, (b) magnified XRD pattern

At shorter spinning times of 10 and 20 S, the diffraction patterns exhibited relatively
lower peak intensities and less well-defined diffraction features compared with the
longer spinning times. This behaviour suggests a lower degree of crystallinity and less
developed crystalline ordering in the films deposited at the shorter spinning durations.
The reduced crystallinity may be associated with the shorter time available for the
precursor solution to spread and undergo solvent removal during spinning, which can
result in a less developed deposited layer prior to subsequent drying and calcination.
Similar reports were earlier reported (Zulkefle et al., 2016). With the spinning time
extended to 30 S and 40 S, there is a visible improvement in the peak intensity and
definition, which indicates a higher level of crystallinity and homogeneity of the film.
This implies that such mid-times would give sufficient time to allow sufficient solvent
evaporation and uniform distribution of the precursor to facilitate the formation of
well-defined phases which is supported by earlier reports (Messemeche et al., 2020).
Further extension of spinning time to 50 S and 60 S, however, leads to a decrease in
peak intensity and minor broadening of the peaks. Such a deterioration of the quality
of film may be connected with high solvent evaporation during spinning and the film
dries too soon agreeing with earlier reports (Shanthi et al., 2020). This high rate of

drying interferes with good crystallite growth and cause structural defects. Also, over-
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spinning decreases the effective deposits of the layer, adding to weaker diffraction
signals. Thus, the findings indicate that there is an optimal spinning time between 30
and 40 S which balances between solvent evaporation and film formation. Table 4.2
following summarizes the crystallite size, FWHM and the lattice parameters of

Fe:TiO2 thin films spin coated at different durations.

Table 4.2: Summary of the crystallite sizes, FWHM and the lattice parameters

of Fe:TiO: thin films spin coated at different durations.

Plane | 20(°) FWHM | Crystallite | dhkl | Lattice
Sample (hkI) (©) size (nm) | (A) | parameter
(seconds) a
(A)
10 110 28.12 | 2.637 |3.105 3.171 | 4.484
20 110 28.00 |2.366 |3.460 3.184 | 4.503
30 110 2751 | 1.571 5.206 3.240 | 4.582
200 49.78 1.942 | 4.509 1.830 | 3.660
220 57.06 | 3.057 |2.958 1.613 | 4.562
40 110 27.88 1.592 | 5.141 3.198 | 4.522
200 49.28 | 4.425 1.975 1.848 | 3.695
220 57.09 | 8.462 1.069 1.612 | 4.559
50 110 2749 11933 |4.231 3.242 | 4.585
200 50.19 | 5.115 1.715 1.816 | 3.632
60 110 27.12 | 2.038 | 4.009 3.285 | 4.646
200 49.49 | 4.959 1.764 1.840 | 3.681
220 57.18 | 7.591 1.192 1.610 | 4.553

The crystallographic characteristics of the Fe:TiO> thin films were observed to be
greatly affected by the spinning time as revealed in the results. The film at 10 seconds
had a relatively wide FWHM of 2.637° for the dominant (110) plane and a small
crystallite size of 3.105 nm, which suggested insufficient time for the uniform

formation of the film, resulting in poor crystallinity. It was found that the crystallite
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size increases from 2.914 nm to 3.460 nm when spinning time was increased to 20
seconds, while the FWHM decreased to 2.366° which implied a slight improvement
in the crystal growth and structural ordering. This is supported by earlier reports

(Messemeche et al., 2020)

The crystallinity and crystal orientation was improved with further increases to 30 S,
yielding the lowest FWHM of 1.571° and the highest crystallite size of 5.206 nm for
the (110) plane. Better phase development of the crystals is also supported by the
appearance of other diffraction peaks of (200) and (220) planes which also indicates
the presence of anatase and rutile phase. This improvement can be attributed to the
formation of a uniform precursor layer that resulted in an effective nucleation and

grain growth in the following annealing step.

The crystallite size decreased to 5.141 nm with a slight increase in FWHM of the (110)
plane from 1.397 to 1.592°, which implies a slight decrease in crystallinity, after 40
seconds. After 50 seconds, the FWHM was further increased to 1.933° and the
crystallite size was decreased to 4.231 nm, indicating the increased level of structural
disorder which is attributed to excessive spreading of the precursor solution during
spin coating. The crystal quality has decreased further during the 60 seconds sample
as evidenced by the increase in the FWHM (2.038°) and the crystallite size (4.009
nm). Overall, the film deposited at 30 seconds exhibited the best structural properties,
characterized by the smallest FWHM, largest crystallite size and improved phase
development. These results indicate that a spinning time of 30 seconds is the optimum
condition for achieving high crystallinity and structural uniformity in Fe:TiO> thin
films. Figure 4.6 following shows the variation of FWHM and crystallite size as a

function of the duration of spinning Fe-doped TiO; thin films.
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Figure 4.5: Variation of FWHM and crystallite size as a function of the duration

of spinning Fe-doped TiO:2 thin films.

The graph demonstrates a definite correlation between FWHM and the crystallite size
with the spinning time. From 10 to 30 S, the FWHM decreased from 2.038° to 1.571°.
The crystallite size remained the same, varying from 4.009 to 5.206 nm, showing the
improvement in the crystallized ordering of Fe: TiO; films up to 30 S. This behavior
is in line with the known effect of spin coating time on the properties of solution
derived thin film. In the study of TiO2 thin film preparation in this work, it was found
that spun film thickness and surface roughness decreased with the increase in spinning
time at a constant speed, as reported by (Zulkefle et al., 2016), which implies that the
spinning time influences the quantity and distribution of the amount of material left

on the substrate.

Likewise, published work on the TiO» substrate formed by spin coating has
demonstrated that a range of deposition conditions can result in an optimal structural
condition, where crystallinity and crystallite size are not necessarily monotonic

functions of the deposition condition. In one of the studies, where the spin speed of
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the ball was changed, the crystallinity and size of the TiO; crystals first rose to an

optimum value and then decreased at higher spins (Sharma et al., 2022).

The present results are thus in accord with the general observation that the spin-coating
parameters have to be optimized instead of simply increased monotonically. For the
conditions used in this study, this time of 30 S was found to be a desirable compromise
between the spreading of the precursors, evaporation of the solvent and retention of
the material prior to calcination, as indicated by the maximum crystallite size and the
lowest FWHM. The FWHM was also found to have rapidly jumped to 2.637° at 40 S.
In addition to a decrease in crystallite size to 3.105 nm, it is accompanied by a decrease
in crystallite size. The obvious deviation from the trend up to 30 S indicates that the
crystallographic development did not improve with increasing spinning time beyond
the optimum spinning time. The result is not a direct result of a structural defect or
strain, as such, but suggests that coherent crystallite size has decreased and peak
broadening has occurred. The relationship between the duration of spinning and the
crystallographic properties were shown to be non-linear by the subsequent
improvement at 50 S and 60 S. This agrees with published observations of the
dependence of film thickness, surface properties, and crystallinity on variations in
spin-coating parameters, as the optimum spin-coating condition is different for various
deposition systems. In the present study 30 S was chosen as the optimum spinning
time since it gave the lowest FWHM and the largest estimated crystallite size for the

investigated times.

4.3.2 FTIR Analysis of Fe: TiO2 Thin Films Deposited using Varying Spinning
Times

IR spirit Shimadzu FTIR spectrophotometer was used to examine the functional
groups and bonding properties of the Fe:TiO, thin films obtained during the spin-
coating duration of 10 S to 60 S. The FTIR spectrum in figure 4.7 following showed
characteristic absorption features at 763 cm™ and 802 cm™! which are ascribed to Ti -
O -Ti lattice vibrations in the rutile phase of TiO». The peak at 851 cm™ also confirms
the existence of metal-oxygen stretching modes related to doped TiO» network (Li et
al., 2020). The spectral features emerging at 1530 cm™ and 1700 cm™ are asymmetric
carboxylate COO - and C=O stretching bands, respectively, of the remaining organic

species or the unreacted hydroxyl groups of the alkoxide precursors in the chemical
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solution deposition process. The abrupt and sharp peaks at 3755 cm™ and 3862 cm’!
are assigned to the OH vibrations of hydroxyl groups on the TiO, surface (Kreft et al.,
2020).
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Figure 4.6: FT-IR spectra of Fe: TiO: thin films deposited using varying

spinning time.

In general, the spinning time (10 to 60 S) only caused slight differences in the relative
intensity and transmittance of the FTIR bands, and the characteristic Ti-O-Ti and
metal-oxygen vibrations did not shift to significantly different wavenumber positions.
This means that the basic bonding structure and functional groups were not
significantly changed by the increasing spinning time in the Fe: TiO: films. Instead,
the small variations in the peak intensity and transmittance can be correlated to the
variations in the amount and spread of the precursor material that remains on the
substrate with the spinning time, that may affect the effective film thickness and
uniformity. Likewise, the bands related to C—O/C=0 and O—H did not show strong

dependence on spinning time, as long as the spinning time was varied under the
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conditions used. Hence, the main effect of the spinning time on the deposited coating
was on the physical properties, such as the film thickness and film uniformity, of the
Fe: TiO: films, and the chemical bonding environment and the characteristic

functional group of the Fe: TiO: films did not change significantly.

4.3.3 UV-Vis Analysis of Fe: TiO2 Thin Films Deposited using Varying Spinning
Times

Evolution one plus UV-Vis spectrophotometer was further employed to examine the
effect of spin-coating duration on the optical properties of Fe:TiO> thin films. The
films were deposited at varying spinning times ranging from 10 S to 60 S and their
absorbance spectra were recorded over the wavelength range of 300900 nm. The
forbidden energy gaps were estimated using plots derived from the absorption data.

Figure 4.8 presents (a) the absorbance spectra and (b) the corresponding plots of
(ahv)l/ 2 versus photon energy (hv) for the different spinning durations, with the

extracted band gap values indicated.
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Figure 4.7: (a) the absorbance as a function of wavelength (b) the plots of

(ahv)l/ 2 versus photon energy (hv) for the different spinning durations

The light related characteristics of Fe: TiO2 thin films as a function of spin coating time

is shown in figure 4.8. The absorption is strong in all the samples in the UV region
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and this is a common characteristic to TiO2 based materials. The difference in
absorbance intensity as spinning times increased suggests that the spinning time had
an impact on precursor retention on the substrate, leading to changes in film thickness
and uniformity (Lin et al., 2012). These differences in response to incident light and
absorbance of the Fe: TiO2 films were due to these variations. These observed changes
thus imply that the spinning time affected the physical and microstructural evolution
of the films, and the amount of absorbance was dependent on the characteristics of the
deposited film.These optical band gap values were obtained from the Tauc plots and
reveal considerable variation for the different coating durations. The forbidden energy
gap rises from 3.18 eV at 10 S to 3.40 eV at 20 S, decreases sharply to 2.96 eV at 30
S, rises again to 3.54 eV at 40 S and then decreases to 2.99 eV and 3.12 eV for the 50
S and 60 S coatings, respectively.

The lack of a systematical increase or decrease suggests that there are several factors
that influence the optical behavior of the films which are affected by the spin time. For
shorter spin durations, incomplete removal of the solvent or relatively thick coatings
can lead to the possible generation of defect states, which can increase the band gap.
The significant drop at 30 S and 50 S indicates higher densities of localized electronic
states in the forbidden energy gap, which may be due to structural disorder, oxygen
vacancy or Fe-related impurity content (Rasim et al., 2023). The higher band gap
values measured at the 20 S and especially the 40 S, on the other hand, suggest better
film uniformity and lower defect density, which favor sub-band gap transitions and
lead to an optical response at higher energies. The film obtained in the spinning time
of 40 S has the highest band gap (3.54 eV), indicating that the sample has the most
uniform structure among the samples investigated (Cadatal et al., 2022) In summary,
the results show that spin-coating time plays a pivotal role in film nucleation and
growth, defect generation and optoelectronic characteristics of Fe: TiO2 ultrathin
layers and it is a crucial parameter for optimizing the thin films.

4.4 Fe: TiOz Thin Films Coated using a Varying Number of Layers

Fe: TiO2 coatings were successfully deposited using the spin-coating technique with
varying numbers of coating layers and their structural and optical properties were

systematically investigated to evaluate the effect of layer buildup on film performance.
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4.4.1 XRD Analysis of Fe:TiO2 Thin Films Coated using a Varying Number of
Layers

The structural evaluation of the coated layers was performed via ARL Equinox 100
X-Ray diffractometer. Figure 4.9 following shows the XRD patterns of Fe:TiO2 thin
films (a) full range pattern and (b) magnified XRD pattern prepared with different
numbers of deposited layers ranging from one to five and annealed at 450 °C for 2
hours. The patterns are used to examine the impact of layer thickness on the
crystallinity, phase formation and preferred orientation of the coating.
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Figure 4.8: XRD patterns of Fe: TiO: thin films prepared with different
numbers of deposited layers (a) full range XRD pattern (b) magnified XRD

pattern

The XRD patterns in figure 4.9 reveal that the Fe: TiO> thin films have a mixed-phase
structure of both rutile and anatase phases. All the samples exhibit the diffraction peak
at 20 = 27°, corresponding to the (110) plane, which indicates the occurrence of rutile
phase. The diffraction peak of the (200) plane is seen in the 2-, 3-, 4- and 5-layer films,
which indicates the existence of the anatase phase and the formation of a mixed-phase
TiO, structure. Other reflections of the (220) crystal plane are found in 3-, 4-and 5-
layer films and the (301) peak comes out in the 5-layer film, which shows that as the
number of layers increased, the crystal structure gradually became more perfect and

the development of the crystal structure continued. These new diffraction peaks
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indicate that the crystal growth and stability of the phase scaled proportionally with
film thickness. Moreover, the diffraction peaks of 5-layer sample are relatively sharper
and more intense than that of other films, suggesting to improve crystallinity,
crystallite growth and reduce structural disorder. The presence of several clear
diffraction planes in the 5-layer film indicates that there is an increase in crystal
ordering and a good phase development. The obtained results indicate that a greater
number of the spin-coating layers resulted in sufficient material for effective
nucleation and grain growth during annealing, where the 5-layer film presented the
most favorable structure among all the samples. Table 4.3 following summarizes the
crystallite size, FWHM and the lattice parameters of Fe: TiO; thin films of varying

number of layers.

Table 4. 3: Summary of the crystallite sizes, FWHM and the lattice parameters

of Fe: TiO: thin films of varying number of layers.

Plane 20(°) FWHM | Crystallite | dhkl | Lattice
Sample (hkl) ) size (nm) | (A) parameter
(No. of a
layers) (A)
1 110 27.96 2.485 3.294 3.294 | 4.509
2 110 27.28 1.914 4.271 3.266 |4.619
200 49.31 5.013 1.744 1.847 | 3.693
3 110 27.51 1.923 4.253 3.240 | 4.582
200 49.78 1.670 5.244 1.830 | 3.660
220 56.91 3.091 5.410 1.617 | 4.573
4 110 27.33 1.981 4.127 3.261 | 4.611
200 49.34 1.195 7.315 1.846 | 3.691
220 56.62 5.046 1.788 1.624 | 4.594
5 110 26.92 1.528 5.345 3.309 | 4.680
200 49.78 2.542 3.445 1.830 | 3.660
220 56.78 5.810 1.177 1.620 | 4.582
301 65.11 8.761 1.076 1.431 | 4.680
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Table 4.3 shows that the crystallinity, crystallite size, lattice parameters and
microstructural properties of the Fe doped TiO> thin films were significantly affected
by the number of spin-coating layers. The XRD profiles confirmed that all the samples
had a mixed phase of TiO2, observed by the presence of a dominant peak of rutile (110)
and anatase (200), indicating a mixed phase TiO» structure throughout the samples.
The general trend was that the crystallite size increased with the number of layers in
the film with value ranging from 3.294 nm in the 1-layer film to 5.345 nm in the 5-
layer film for the rutile (110) plane. This is also correlated by a reduction in FWHM
from 2.485° to 1.528° signifying improvement in crystallinity, a decrease in lattice
strain and an improvement in grain growth which is in line with existing literature
(Rajeswari et al., 2021). The lessened peak broadening with increasing number of
layers implies that the thicker coatings gave more favorable conditions for crystal
nucleation/growth during the annealing process. In addition, the occurrence of higher-
index planes (220) and (301), especially in the thicker films, indicates better
polycrystallinity and better structural ordering. The 5-layer sample showed the best
crystal quality and the most stable structure, with the biggest crystallite size and the
smallest FWHM values and the diffraction pattern was the most distinct. The results
show that the structural properties of the Fe:TiO: thin films improve with increasing
number of layers and that the sample obtained after 5 layer deposition is the best one
for crystallinity and crystal growth. Figure 4.10 shows the variation of FWHM and

crystallite size as a function of the number of deposited layers of Fe: TiO> thin films.
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Figure 4.9 Variation of FWHM and crystallite size as a function of the number

of deposited layers of Fe: TiO: thin films

The variation of FWHM and crystallite size with the number of layers deposited
further substantiates the profound microstructural dependence of Fe: TiO thin film on
the film thickness. There was an inverse relation between the crystallite size and
FWHM with the narrow peaks showing better crystallinity and larger crystallite sizes.
This is clearly visible in the rutile reflection (110) where the FWHM of the film
reduces gradually from 2.485° to 1.528° and the crystallite size increases from 3.294
nm to 5.345 nm respectively for 1-layer film and 5-layer film. This behavior suggests
that the more layers the grains are spin coated, the greater the grain size is grown and
the lesser the lattice imperfections during annealing. Thicker films also show other
diffraction peaks, (220) and (301), which is an additional confirmation of the improved

polycrystallinity and structural development.

The difference of calculated d-spacing and lattice parameters is small, indicating that

there is residual strain in the TiO, lattice that may be caused by the incorporation of

67



Fe and thickness dependence. This is supported by earlier reports (Shymanovska et al.,
2022) The lattice parameters, however, are very close to those of the standard
tetragonal structure of TiO, indicating only minor distortions of this crystal structure.
Overall, the 5-layer film shows the highest structural quality, as is reflected in the
lowest FWHM, largest crystallite size and most well-defined diffraction features. The
results indicate that the more layers that have been deposited, the more crystalline and
ordered the structure would be; the 5-layer coating was determined to be the optimum.
The coexistence of anatase and rutile phases is favorable for optoelectronic and
photocatalytic applications because of the better charge separation and the less
electron—hole recombination. Similar relationships between crystallite size,
diffraction-peak broadening, structural characteristics and the existence of anatase and
rutile have been reported for Fe-doped TiO; thin films (Ruan et al., 2022).

4.4.2 FTIR Analysis of Fe: TiO2 Thin Films Coated using a Varying Number of
Layers

IR spirit Shimadzu FTIR spectrophotometer was used to identify the characteristic
functional groups and bonding vibrations present in the Fe: TiO> thin films deposited
using one to five coating layers. The FTIR spectra presented in figure 4.11 exhibited
characteristic absorption bands in the 737-743 cm’! region, which are associated with
metal-oxygen vibrations of the TiO; lattice. Similar Ti—O/Ti—O-Ti vibrations have
been reported in Fe-doped TiO, materials. The absorption feature around 900 ¢cm’!
may be associated with Ti-O—Fe bonding resulting from modification of the Ti-O-Ti

network following Fe incorporation.

Previous FTIR investigations of Fe-doped TiO> have reported changes in the Ti-O
vibration region following Fe incorporation and attributed these changes to
modifications of metal-oxygen bonding and possible formation of Ti-O—Fe bonds
(Bakre et al., 2016) (Mragui et al., 2023). Additional absorption bands at 1280 and
1532 cm™! may be related to vibrational modes of residual organic species originating
from the precursor system, while the band at 1737 cm™ can be associated with C=0
stretching vibrations. The absorption band at 2925 cm™! is attributable to aliphatic C—
H stretching vibrations. The high-wavenumber absorption at 3746 cm™ is associated
with O—H stretching from surface hydroxyl groups. Similar O—H-related bands and

adsorbed-water vibrations have been reported for Fe-doped TiO: materials,
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confirming the presence of hydroxylated surfaces following synthesis (Zhang et al.,

2002) (Wahyuni et al., 2023).
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Figure 4.10: FT-IR spectra of Fe: TiO: thin films with varying number of
deposited layers

It was noteworthy that there was a close similarity and overlap of the overlaid spectra
of films with various numbers of layers, across the entire wavenumber range, implying
that the chemical composition, bonding environment and uniformity of doping were
consistent independent of the number of layers deposited. This reproducibility implies
that the number of added layers is the main factor that affects the film thickness
without impeding the integrity of the structure and functional groups of the Fe:TiO>

material which agrees to earlier reports (Mercy et al., 2026).

In general, The FTIR spectra of the different coatings showed only slight differences
as the number of coating layers varied from one to five, with the characteristic Ti-O—

Ti, Ti-O-Fe, C—H, C=0 and O-H absorption bands still present in the different films.
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The similarity in position of the main absorption bands clearly shows that the chemical
bonding and functional groups did not change significantly with the number of layers.
The relative absorption intensity differences, however, could relate to the deposition
of more material and film thickness changes at higher deposition, as more layers were
added. The amount of coating layers thus had the main effect on the amount of material
that produces infrared absorbing effect, but did not affect much the nature of the
chemical bonds in the Fe: TiO> network. The presence of these bands of Ti—O-Ti and
Ti—-O—Fe through all coating thicknesses also suggests that the same bonding
environment was preserved when the film thickness increased. Thus, an increase in
the number of layers caused significant changes in physical thickness of the films, but
caused only small changes in the functional groups and bonding properties of the

films.

4.4.3 UV-Vis spectroscopy Analysis of Fe: TiO: Thin Films Coated using a
Varying Number of Layers

To evaluate the influence of number of deposited layers on the optical properties of
Fe:TiO> thin films, Evolution one plus UV-Vis spectrophotometer was used on
samples prepared with varying numbers of spin-coated layers, 1-5 layers. The
absorbance spectra were recorded in the wavelength range of 300-900 nm and the
corresponding optical band gaps were estimated using Tauc plots derived from the

absorption coefficient. Figure 4.12 shows (a) the absorbance as a function of
wavelength and (b) the plots of (ahv)l/ 2 versus photon energy (hv) for the different

layer numbers. The extracted band gap values are also indicated for comparison.
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Figure 4.11: (a) the absorbance as a function of wavelength (b) the plots of

(ahv) 1/2 yersus photon energy (hv) for the different layer numbers

The optical properties of Fe:TiO thin films as a function of the number of coating
layers is shown in figure 4.12. The absorbance spectra show that all samples have
strong absorbance in the UV region and the overall absorbance decreases with
increasing number of layers. This is the expected behaviour since adding layers to the
film increases the film thickness, which means that a higher percentage of the photons
travelling through the film will be absorbed by the material. The Tauc plots reveal that
the photon energy threshold of the single-layer coating (2.76 eV) is lower than that of
the five-layer film (3.02 eV). The progressive band gap widening suggests a blue shift
in the optical absorption edge as the number of the layers increase. This indicates that
the thicker films have better structural quality and lower density of defect states. The
slightly smaller band gap seen in the single-layer film could be due to a greater number
of grain boundaries, which would contain surface defects and Fe induced impurity
states, which would create electronic levels in the forbidden energy band. The films
are more continuous and compact with each deposition in order to minimize structural
imperfections and minimize transitions that occur as a result of defects. Hence, there
is a gradual rise in optical band gap from 2.76 eV to 3.02 eV. The results suggest that
the quality of films improves as the number of layers deposited increases and the

optical properties of films approach the optical properties of intrinsic TiO, which is
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supported by the existing literature (Timoumi et al., 2023). Hence, the number of
layers is also a good parameter to regulate the light absorption and band gap energy of

Fe:TiO; thin films.

4.5 Stability of Fe: TiO2 Thin Films over Twenty-Eight Days

To evaluate the long-term structural stability of the optimized Fe:TiO: thin film, XRD
measurements were carried out ARL Equinox 100 X-Ray diffractometer immediately
after synthesis (day 1) and subsequently at weekly intervals over a period of twenty-
eight days under ambient laboratory conditions. Monitoring the diffraction patterns
over time provides information on whether prolonged storage induces structural
changes such as phase transformation, lattice distortion, crystallinity loss or crystallite
growth. Since the structural integrity of semiconductor thin films directly influences
their optical and electronic performance, stability assessment is an important criterion
in determining their suitability for practical photovoltaic applications (Sassi et al.,

2024) . Figures 4.13 and 4.14 show a photograph of an optimized thin film and the

resulting XRD diffractograms respectively.

Figure 4.13: A photograph of an optimized Fe:TiO: thin film

72



N_ 2 Bth day

e 2 1% day

e 41 fay
e 71y
e 1 ¥ Y

Intensity (a.u)
’r
1
I
]
1F

10 20 30 40 50 60 70 80
26(°)
Figure 4.14: XRD patterns of the optimized Fe: TiO2 thin film monitored over a

period of twenty-eight days at intervals of one week

Figure 4.14 demonstrates that the optimized Fe: TiO> thin film maintained its
crystalline structure throughout the twenty-eight-day monitoring period. The
dominant diffraction peak corresponding to the rutile (110) plane remained clearly
visible in all the diffractograms, while no additional peaks associated with impurity
phases or degradation products were detected. The persistence of the characteristic
diffraction peak indicates that the crystalline phase remained unchanged during
storage, suggesting that the incorporation of Fe into the TiO: lattice did not
compromise the structural stability of the film. This is supported by the existing
literature (Yin et al., 2023). Although the diffraction peak exhibited a slight reduction
in intensity with increasing storage time, the peak position remained essentially
unchanged, indicating that no significant lattice expansion or contraction occurred.
The same trend was earlier reported by (Khima et al., 2024). The slight decrease in
intensity and minor peak broadening may be associated with small variations in

crystallinity or microstructural strain during storage. However, these changes were
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insufficient to cause a detectable phase transformation. The retention of the diffraction
peak throughout the monitoring period therefore demonstrates that the optimized Fe:
TiO; thin film possesses good structural stability under ambient conditions, making it

suitable for applications that require prolonged structural integrity.

Table 4. 4: XRD Stability Analysis of Optimized Fe: TiO2 Thin Film Over 28

Days
Characterization FWHM
days 20 (°) © Crystallite Size (nm)
1 27.33 1.629 5.018
7th 27.32 1.680 4.866
14t 27.31 1.641 4.981
21 27.31 1.712 4.775
28t 27.30 1.681 4.863

The numerical values presented in Table 4.4 further confirm the structural stability
observed from the XRD patterns. The diffraction angle (20) changed only slightly
from 27.33° on day 0 to 27.30° after twenty-eight days, representing a negligible shift
of only 0.03°. Such a small variation falls within the experimental uncertainty of XRD
measurements and therefore does not indicate any significant modification of the
crystal lattice. This observation confirms that the optimized Fe:TiO2 thin film

maintained its crystal structure throughout the storage period.

Similarly, the FWHM exhibited only minor fluctuations, varying between 1.629° and
1.712°. Since FWHM is inversely related to crystallite size, these small variations
suggest only slight changes in crystallinity rather than structural degradation (Park et
al., 2021). The corresponding crystallite size remained relatively constant, ranging
from 5.018 nm on day 0 to 4.863 nm after twenty-eight days, with the minimum value
of 4.775 nm recorded on day 21. The overall variation in crystallite size was less than
5%, indicating that the nanocrystalline structure remained essentially unchanged
during storage. The combined behaviour of the diffraction angle, FWHM and

crystallite size demonstrates that the optimized Fe:TiO> thin film possesses excellent
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structural stability under ambient laboratory conditions. The absence of significant
changes in these structural parameters suggests that the film is resistant to phase
degradation and maintains its crystallographic integrity over time. Such stability is
desirable for solar cell applications because it ensures that the photoactive layer can
retain consistent structural properties during storage and operation, thereby

contributing to reliable device performance.

4.6 Chapter Summary

In this chapter, the structural, chemical and optical properties of Fe: TiO; thin films,
obtained by sol-gel spin coating technique, have been described. The effects of
precursor volume, spinning time and number of coating layers were studied. The result
indicated that the crystallite size was around 4.11 nm and 5.21 nm for the precursor
volume of 1.0 mL and spinning time of 30 S, respectively. The optical band gap
increased from one to five layers of coatings, from 2.76 eV to 3.02 eV, with 5 layers
providing the best overall properties. FTIR confirmed the presence of Ti—~O-Ti and
Ti—~O—Fe bonds and UV—Vis analysis indicated strong absorption in the UV region.
The stability study also revealed minor changes in the structural parameters during the
course of the investigation for 28 days, which indicates good structural stability of the

Fe: TiO; thin films under the investigated conditions.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Based on the findings of this study, the following conclusions were made:

i. Effect of precursor solution volume

The precursor solution volume significantly influenced the structural and optical
properties of the Fe: TiOz thin films. Among the investigated volumes, 1.0 mL
produced the optimum film, exhibiting the largest crystallite size (4.107 nm) and a
reduced full width at half maximum (1.992°), indicating improved crystallinity. FTIR
analysis confirmed the formation of Ti—O-Ti and Ti—~O—Fe bonds, while UV—Vis
analysis showed that the precursor solution volume affected the optical band gap,
demonstrating that precise control of the deposited solution volume is essential for

obtaining high-quality Fe: TiO> thin films.

ii. Effect of spinning time

Spinning time had a significant effect on the crystallographic and optical properties of
the deposited films. A spinning time of 30 s produced the optimum thin film with the
largest crystallite size (5.206 nm), the lowest FWHM (1.571°) and the lowest optical
band gap (2.96 eV). The reduced band gap is attributed to Fe-induced impurity energy
levels within the TiO> band structure, which enhanced visible-light absorption and

improved the suitability of the films for photovoltaic applications.

iii. Effect of the number of coating layers

The number of deposited layers influenced the crystallinity and optical behaviour of
the Fe: TiOz thin films. Increasing the number of coating layers improved the structural
quality of the films, with five coating layers producing the optimum film. FTIR spectra
confirmed the preservation of the TiO; network with successful Fe incorporation,
while UV—Vis analysis showed that the optical band gap varied with film thickness,
demonstrating that the number of coating layers is an important parameter in

optimizing thin-film performance.
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iv. Structural stability of Fe: TiO2 thin films

The optimized Fe: TiO> thin films exhibited good structural stability over the 28-day
storage period. XRD analysis showed only slight variations in diffraction peak
position, crystallite size and FWHM, indicating that the crystalline structure remained
stable with no significant structural degradation. These results demonstrate that the
optimized Fe: TiO; thin films possess good durability and are suitable for long-term

photovoltaic applications.

Overall, the study demonstrated that optimization of the spin-coating deposition
parameters, together with 3 mol% Fe doping, significantly improved the structural and
optical properties of TiO; thin films. The optimized films exhibited improved
crystallinity, reduced optical band gap, successful Fe incorporation and good structural
stability, making them promising window-layer materials for photovoltaic

applications.

5.2 Recommendations
In view of the findings obtained in this study, the following recommendations are
made to support the optimization and practical application of Fe: TiO> thin films in

photovoltaic devices.

5.2.1 Recommendation from the study

Based on the findings of this study, the following recommendations are made:

i.  The optimized fabrication conditions identified in this study (1.0 mL precursor
solution volume, 30 s spinning time, five coating layers and 3 mol% Fe doping)
should be adopted as a baseline for testing Fe: TiO thin films intended for
photovoltaic applications, as they produced improved crystallinity, reduced
optical band gap and good structural stability.

ii.  Careful control of spin-coating deposition parameters should be maintained
during thin-film fabrication because slight variations in precursor solution
volume, spinning time and coating layers were found to significantly influence
the structural and optical properties of the films.

iii.  Fe: TiO; thin films should be considered for use as window-layer materials in

thin-film solar cells due to their improved visible-light absorption, good
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crystallinity and demonstrated structural stability over the 28-day evaluation

period.

5.2.2 Proposed future research

Based on the scope and findings of this study, the following areas are recommended

for future research:

Investigate the long-term stability of the optimized Fe: TiO» thin films over
periods longer than 28 days under different environmental conditions, such as
humidity, temperature variations and continuous light exposure, to evaluate
their durability for practical photovoltaic applications.

Test complete thin-film solar cells incorporating the optimized Fe: TiO: films
as window layers and evaluate key photovoltaic performance parameters,
including power conversion efficiency, short-circuit current density, open-
circuit voltage and fill factor.

Investigate the combined influence of Fe doping concentration and optimized
spin-coating parameters to establish the optimum balance between
crystallinity, optical band gap, charge transport and photovoltaic
performance.

Employ advanced characterization techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM)and photoluminescence (PL) spectroscopy to correlate
surface morphology, microstructure and charge-carrier recombination with
the structural and optical properties of the films.

Investigate alternative substrates, transparent conductive oxides and
annealing atmospheres to determine their influence on the crystallographic,
optical and electrical properties of Fe: TiO> thin films and their suitability for

different photovoltaic device architectures.
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