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Abstract
Abstract

This research examines the manufacture of pure zinc oxide thin films doped with sulfur and then cadmium.
were applied to glass substrates using the sol-gel method and dip coating technique, prior to the systematic

evaluation of their various properties.

Structural (X-ray diffraction: XRD), morphological (field-emission scanning electron microscopy: FE-
SEM), compositional (energy-dispersive X-ray spectroscopy: EDS), topographic (high-resolution atomic
force microscopy: AFM), and optical (UV-visible spectroscopy) analyses were employed to characterise the

fabricated films.

The photocatalytic effectiveness of the films was assessed by degrading methylene blue (MB) under direct
sunlight for 120 minutes, utilising cadmium-doped ZnO. The photocatalytic increase of sulfur-doped ZnO

transpires in 90 minutes under sunlight and 50 minutes under UV irradiation.

An enhancement in photocurrent characteristics, including sensitivity, responsivity, and detectivity, was

noted following doping with sulfur and cadmium.

The best photocatalytic performance was attained with the 3% cadmium-doped zinc oxide sample and the
2% sulfur-modified zinc oxide sample. Following six test cycles, the samples exhibited enhanced reusability,
recoverability, and stability, with just a minor decline, suggesting promising potential for diverse

technological applications, validating their efficacy for wastewater treatment.

Keywords: S-modified ZnO, Cd-doped ZnO, Dip coating, Thin films, Wastewater treatment, Photocurrent,

Photocatalytic, Sunlight illumination, UV irradiation.
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General Introduction

General Introduction

In recent years, a lot of researchers have proven the exclusive properties of nano-thin layers
that pertain to the semiconductor material family, due to their distinct features, which have been
revealed in both theoretical and applied investigations. They are being used in many potential
applications, such as, antimicrobial, antibacterial, and photocatalytic activities [1]. In this
respect, a number of metal oxide-based semiconductor materials have been investigated; among
these, ZnO and doping ZnO have garnered interest due to their varied characteristics. ZnO has
exceptional stability in n-type semiconducting materials that are both chemically and thermally
stable, making it appropriate for a variety of applications in transparent electronics and

optoelectronics [2].

Currently, a number of techniques are employed to deposit layers, including as co-precipitation,
electrochemical, spray pyrolysis, and pulsed laser deposition. Among these techniques, the sol-
gel method is usually used in both laboratory and industrial settings because of its advantages
over alternative methods, which include low cost, the potential for large-scale production,

precise control over the thickness and shape of the film, and low fabrication temperature [3],
[4], [5]-

The goal of this work is to develop and analyze thin films based on ZnO deposited on glass
substrates by sol-gel dip-coating method and their application in dye removal and

photodetectors.
This work is organized into three chapters:

First chapter, a theoretical and literature review research is done to provide an explanation for
understanding the objective of the experimental results in the following chapters. Where the
first part of this chapter presents a brief description of semiconductor materials and the thin film
growth mechanism. Additionally, a detailed description of the thin film deposition methods and
physicochemical characterization tools (X-Ray Diffraction, morphological: AFM and FESEM
and UV-vis spectrophotometry) that were used in this work will also be presented. The
development of semiconductor applications, particularly their function in photocatalytic
activity and UV photodetection applications. In addition, it talks about Zinc oxide, doping ZnO,

defects types, the structural, optical and electronic properties.

Second chapter, an overview of the most common chemical and physical methods used for the
production of thin films will be presented. We will choose some of the methods, and specifically

the technique used for preparing our films, then explanation of the experimental protocols and

1



General Introduction

methodologies employed for the characterization of all samples.

Third chapter, aimed to synthesize pure ZnO and Sulfur-doped ZnO thin films by dip coating
method. The obtained specimens were investigated employing structural, morphological, and
optical characterization techniques. The pristine and doped thin films also were tested in the
photocatalytic degradation activity for methylene blue dye under both direct sunlight and UV

irradiation. It also explores the potential of all samples for photodetector applications.

Fourth chapter, presents the results associated with the preparation and characterization of
undoped and Cd-doped ZnO thin films. Additionally, the photocatalytic and photocurrent
properties of ZnO doped with Cd are discussed.

Finally, this thesis ends with a general conclusion that highlights the basic and significant

results obtained from this study and ends with perspectives.
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Chapter I Overview of ZnO Thin layer Properties and Their Uses

1.1 Introduction

Currently, thin films are utilized significantly owing to their unique chemical, physical,
electrical, magnetic, optical, and mechanical capabilities. The attributes can be regulated by
modifying their crystal structure, composition, and dimensions. Recently, researchers have
demonstrated considerable interest in nano-sized metal-oxide-based semiconductors due to
their potential for many physicochemical applications. Among these, ZnO thin films are
distinguished by their efficiency, chemical durability, minimal toxicity, and narrow energy band
gap. ZnO thin films are notably important for applications like water splitting, CO» reduction,

sensors, and photocatalysis.

1.2 Theoretical background of thin films
I1.2.1  Definition

A thin film is a layer that stretches endlessly in two dimensions while being constrained in the
third dimension, with a thickness ranging from several nanometers to a few micrometers. The
primary benefit of thin film technology is the minimization of dimensions and the adjustment
of material characteristics. Additional thin films facilitate cost reduction and downsizing of the
device [6]. The characteristics of the films are primarily influenced by their structure; however,
the mechanical and thermal properties are contingent upon the reaction conditions and

deposition techniques employed [7].

1.2.2  Thin film growth mechanisms
Thin films are produced through the deposition of atomic material onto a substrate. The
standard thin film growth process on a substrate by the deposition of material atoms is illustrated

in Figure. [.1.
Thin-film growth shows following features:

a. The formation of thin films from various materials using any deposition technique begin
with a stochastic nucleation process, succeeded by nucleation and growth phases.

b. The stages of nucleation and growth are contingent upon several deposition parameters,
including growth temperature, growth rate, and substrate chemistry.

¢. The nucleation stage can be substantially altered by external factors, such as electron or
ion bombardment.

d. The microstructure of films, the corresponding defect structure, and film stress are

reliant upon the deposition conditions during the nucleation phase.



Chapter I Overview of Zinc Oxide Thin Film Properties and Their Uses

e. The crystal phase and orientation of the films are determined by the deposition
conditions.
The fundamental properties of thin films, including chemical composition, structural
characteristics, and thickness, are regulated by the deposition conditions. The thin films display
distinctive features not present in bulk materials:
» Distinct material characteristics arising from the atomic development process on the
substrates during growth.
» Size effects, especially quantum size effects, are defined by thickness, crystal
orientation, and multilayer qualities.
Bulk materials are typically sintered from powdered raw materials. The powder's particle size
is around 1 pm in diameter. Thin films are produced from ultrafine particles, specifically atoms
or clusters of atoms. Ultra uniform compound materials may be generated through atomic

collisions among adatoms on a substrate surface.

Evaporated atom

( ) Removing atom

Adsorb on substrate
Brownian motion

v
=

Trapped atoms Nucleation and
. film growth

Substrate

Figure 1.1: The growth models of the thin films [8].

1.3 Semiconductors

I.3.1  Definition

Semiconductors are solid materials that are neither excellent conductors (metals) nor insulators
(glass), possessing a crystalline structure and containing a minimal number of free electrons at
ambient temperature. They possess resistivities and energy gaps that are intermediate between
those of conductors and insulators. Their conductivity exceeds that of dielectrics but is inferior
to that of conductors [1]|. Figure [.2 elucidates the energy band gap of insulators,

semiconductors, and conductors (metals).
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Semiconductors function as insulators at ambient temperature; however, their electrical
conductivity enhances with rising temperature, in contrast to metals | 1]. The conductivity of
semiconductors can be regulated by the introduction of appropriate impurities. Examples of
semiconductors include silicon, germanium, and carbon. Semiconductors constitute the
fundamental component of contemporary electronics, encompassing transistors, solar cells,
light-emitting diodes (LEDs), and both digital and analog integrated circuits. The contemporary
comprehension of semiconductor qualities is grounded in quantum physics, which elucidates
the behavior of electrons and holes inside a crystal structure and a lattice. Enhanced knowledge
about semiconductor materials and fabrication techniques has facilitated ongoing progress in

the complexity and speed of microprocessors.

Energy of electrons
E

Conduction Band

Conduction Band

Large energy gap empty or partially filled

Conduction Band

} Qverlap

Valence Band

Valence Band fully or partially filled

Valence Band

Insulators Semiconductors Metals

Figure 1.2: Band gaps of different solid materials [1].

Semiconductor devices have various advantageous characteristics, including unidirectional
current conduction, changeable resistance, and sensitivity to light or heat. The electrical
characteristics of semiconductor materials can be altered through the deliberate introduction of
impurities or the application of electric fields or light, enabling semiconductor devices to
function in amplification, switching, and energy conversion. Current conduction in a
semiconductor transpires via the mobility of free electrons and "holes," collectively referred to
as charge carriers. The introduction of impurity atoms to a semiconductor, termed "doping,"
significantly enhances the quantity of charge carriers present. A semiconductor predominantly

containing free holes is termed "p-type," whereas one primarily including free electrons is
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referred to as "n-type". Semiconductor materials utilized in electronic devices are doped under

specific conditions to regulate the position and concentration of p- and n-type dopants.
1.3.1 Classification of semiconductors

Semiconductors can be generally categorized into intrinsic and extrinsic types. Intrinsic
semiconductors, also known as pure or undoped elements (Si, Ge), compare with extrinsic
semiconductors, which are doped with other materials, referred to as impurities, and can be

classified as n-type or p-type.
I.3.2.1 Intrinsic semiconductors

An intrinsic semiconductor is defined as a highly pure semiconductor material, characterized
by an equal number of holes and electrons in the conduction band, as illustrated in Figure [.3.
The forbidden energy gap in these semiconductors is minimal, allowing room temperature
energy to suffice for valence electrons to transition to the conduction band. A defining trait of
intrinsic semiconductors is that their Fermi level is situated between the valence band and the
conduction band. When a potential difference is provided across an intrinsic semiconductor,
electrons migrate towards the positive terminal, whereas holes drift towards the negative
terminal. The total current within the semiconductor is a total of the current generated by free
electrons and holes. An increase in the temperature of the semiconductor results in a rise in the
number of hole-electron pairs and an enhancement in the current flowing through the
semiconductor. If the temperature decreases, the opposite occurs [9]. In other terms, it is

contingent upon temperature.
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Figure. 1.3: Enegy Band Diagram of intrinsic Semiconductor at (a) Temperature =0 K, and (b) Temperature > 0

K[1].
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1.3.2.2 Extrinsic semiconductors

These are semiconductors in which the pure status of the semiconductor material is intentionally
compromised by the addition of small quantities of elements. This enhances their conductivity
and characteristics relative to intrinsic semiconductors. The impurities are referred to as dopants
or doping agents. When trivalent (3 electrons) or pentavalent (5 electrons) materials are
employed as dopants in a tetravalent base material (e.g., Ge), p-type or n-type semiconductors
are produced subsequently. The trivalent atom, such as boron, provides three electrons to the
tetravalent atom, resulting in one unoccupied position that requires an electron. This results in
a greater number of holes than electrons, and it is referred to as a p-type semiconductor. In p-
type semiconductors, holes serve as the predominant charge carriers, while electrons function
as the minority carriers. Conversely, when a pentavalent dopant like antimony gives an
additional electron to the crystal structure, which is unnecessary for covalent bonding, the
electron moves to the conduction band. This electron does not create a matching hole in the
valence band due to its excess presence; hence, upon doping with such a substance, the base
material possesses a greater number of electrons than holes, thus the term n-type extrinsic
semiconductors. In n-type materials, electrons serve as the predominant carriers of current,
whereas holes function as the minority carriers. The Fermi level resides about equidistant
between the valence band and the conduction band, ascending in n-type materials and

descending in p-type materials.

1.3.3 Semiconductors based on metal oxides

Metal oxide semiconductors (MOS) constitute a distinct category of materials owing to their
electronic charge transport characteristics in contrast to traditional covalent semiconductors like
silicon (S1). Metal oxide semiconductors are valence compounds characterized by a significant
degree of ionic bonding. The conduction band minimum (CBM) and valence band maximum
(VBM) mostly comprise the metal (M) ns and oxygen (O) 2p orbitals, respectively. The
interaction between metal and oxide orbitals leads to a substantial discrepancy in charge carrier
transport. Generally, the M ns orbitals exhibit considerable dispersiveness, but the O 2p orbital
is confined, resulting in a decreased effective mass for electrons in comparison to holes.
Conventional metal oxide semiconductors, including In,O3, ZnO, and SnO», along with their
solid solutions, primarily exhibit n-type conductivity.

Conversely, to attain p-type conductivity in metal oxides, the effective mass of holes must be
considerably reduced. This necessitates a higher dispersive VBM. The essential factor for

achieving dispersive valence band maximum in metal oxides is the design of materials
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incorporating metal cations that contribute occupied d or s states in proximity to the valence
band maximum. The resultant p—d and p—s combination of the metal cation and oxygen orbitals
amplifies the dispersion of the valence band maximum, hence diminishing the effective mass
of holes. Numerous families of metal oxides have been identified as potential p-type

semiconductors, such as NiO and CuxO [10].

1.3.4 Transparent conductive oxides (TCO)

Transparent conducting oxide (TCO) layers are defined as thin films that have both great
transparency in the visible spectrum and electrical conductivity. The predominant TCO
materials are n-type semiconductors, wherein defects such oxygen vacancies, impurity
replacements, and interstitials provide electrons to the conduction band, hence supplying charge
carriers for electric current flow [11]. Nonetheless, hole doping through ionized cation
vacancies, impurity acceptor ion replacements, and/or oxygen interstitials that function as
electron acceptors is feasible, resulting in p-type TCO materials. The first report on transparent
conducting thin films of cadmium oxide (CdO) was released in 1907 by Badekar [12]. Who
synthesized the films using thermal oxidation of sputtered cadmium films. Since then,
significant advancements have been made in TCO technology to develop new varieties of TCOs
with diverse applications [ 13]. The prominent and extensively utilized transparent conductive
oxides (TCOs) encompass SnO2: Sb/F, ZnO:In/Al/F/B/Ga, In203: Sn/F/Sb/Pb, and Cd2SnO4,
among others, alongside emerging TCOs such as Zn2SnO4, ZnSnO3, GalnO3: Ge/Sn, AgInO2:
Sn, MgIn204, CdSb206: Y, Zn2In205, ZnGa204, In4Sn3012, and CdIn204: Sn.

1.4 Zinc oxide

Zinc oxide (ZnO) is an II-VI semiconductor characterized by a broad band gap of 3.37 eV at
ambient temperature. ZnO, as a multifunctional semiconductor, has been the subject of study
for over 80 years since the 1930s. The first study phase culminated in the end of the 1970s and
the beginning of 1980s, focusing mostly on bulk ZnO. It subsequently diminished, primarily
due to the challenges associated with doping ZnO for both n- and p-type conductivity. Since
the mid-1990s, the capabilities of ZnO have been reexamined, resulting in extensive
documentation focused on applications in UV/blue optoelectronics, including light-emitting
diodes, lasers, photodetectors, radiative-resistive electronic devices, diluted or ferromagnetic
materials, nanoscale energy harvesting devices, and cost-effective TCO alternatives to ITO. is
important to highlight that a significant advantage of ZnO is the availability and low cost of Zn
metal, which enables the extensive manufacturing and utilization of ZnO-related materials and

devices.
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1.4.1 General properties of ZnO
1.4.1.1 Structural properties of ZnO

ZnO predominantly crystallizes in a hexagonal wurtzite form with lattice parameters a = 3.25
A and ¢ =5.20 A, as illustrated in Figure 1.4. This structure generates spontaneous polarization
along the c-axis. This property promotes the preferential growth of ZnO crystals, films, and
nanostructures along the [0001] direction, as well as the manifestation of piezoelectric and

thermoelectric phenomena in these materials | 14].

" . Q Zn (zinc)

Figure 1.4: The wurtzite structure of ZnO. The tetrahedral coordination of Zn-O is shown. Source: Reprinted

with permission from [14].

1.4.1.2 Electronic and optical properties

Zinc oxide as a transparent material with a refractive index of 2 in its bulk state; however, in
thin film form, its refractive index and absorption coefficient depend on the processing
conditions. According to various authors, the refractive index value varies between 1.90 and
2.20 [15]. This material can transmit over 90% of visible light, dependent to possessing
sufficient crystalline quality, owing to its large band gap. To accurately comprehend the

electrical and dynamic properties of materials, it is essential to grasp the Brillouin zone
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corresponding to their crystal structure. Figure 1.5 illustrates the Brillouin zone corresponding
to the wurtzite structure of ZnO, featuring multiple high symmetry points. The I'-A direction
aligns with the z-axis in actual space.

The band structure of ZnO is associated with its crystallographic structure and the electronic
configurations of oxygen (1s?2s?2p*) and zinc (1s?2s*2p°3s23p®3d'°4s?), wherein the 2p states of
oxygen comprise the valence band and the 4s states of zinc form the conduction band of the
Zn0O semiconductor. Figure 1.6 illustrates the separation of these two bands. This image
illustrates the presence of a vacant band of roughly 3.37 eV at 300 K [16]. This band represents
the band gap of the material. Another significant aspect depicted in the image is that in
reciprocal space, the point I, where k=0, corresponds to an absolute lowest energy of the
conduction band and an absolute maximum energy of the valence band, so classifying ZnO as
a direct band-gap semiconductor. This final point is critically significant for optics, particularly
relevant for optoelectronic applications in the near-ultraviolet (UV) spectrum at 380 nm.
Another significant characteristic of ZnO is its robust excitonic binding energy, approximately
60 meV. This is frequently referenced as facilitating radiative recombination of the electron-
hole pair and reducing the excitation threshold for stimulated emission. The exciton strength in

GaN is roughly 20 meV.
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ky

Figure 1.5: Brillouin zone of a wurtzite crystal. The coordinates of some points are A2(0,0,1/2c),

L2(0,1/3a,1/2¢), M 2(0,1/3a,0), H2(1/3a,1/3a,1/2¢), K2 (1/ 3a,1/3a,0) [ 16].
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Figure 1.6: Band structures of wurtzite ZnO [17].

1.4.1.3 Chemical and catalytic properties

The capacity of a substance to function as a catalyst in a particular system is contingent upon
its chemical composition and surface characteristics. The efficacy of zinc oxide is contingent
upon its production process. The phenomenon is fundamentally attributed to the perfection of
the crystalline lattice and the semiconductor characteristics, including vacancies and interstitial
atoms.

Zinc oxide functions as a chemical trap and gas detector for HoS, CO2, H, and CH4 [ 18]. When
immersed in water, it can function as a photochemical catalyst for many reactions, including
the oxidation of oxygen to ozone, the oxidation of ammonia to nitrate, the reduction of
methylene blue, the creation of hydrogen peroxide, and the oxidation of phenols. Recent
research is investigating novel forms of ZnO for applications in catalysis and sensing, exhibiting

favorable chemical characteristics.
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1.4.1.4 Main properties of defects in ZnO

A. Native defects
Defects like oxygen vacancies exhibit low formation enthalpies in p-type ZnO and are thus
anticipated to occur easily. Thirty Although they may serve as compensatory centers, oxygen
vacancies and other native point defects are improbable to be the primary cause of unintended
n-type conductivity in ZnO. The oxygen vacancy serves as a profound donor, whereas zinc
interstitials exhibit instability at ambient temperature. Zn vacancies function as compensating
acceptors in n-type ZnO. Additional intrinsic defects, including Zn antisites, O antisites, and O
interstitials, have elevated formation energies. Under typical conditions, they are likely not
found in significant concentrations, although oxygen interstitials may play a crucial role in
oxygen self-diffusion.
Intrinsic defects influence the efficacy of Ohmic and Schottky connections. Depth-resolved
cathodoluminescence (CL) demonstrated the emergence of point defects at metal-ZnO
interfaces, resulting in alterations to the characteristics of the Schottky barriers. The deposition
of metals resulted in the creation of point defects with CL energies approximately at 2.1, 2.5,
and 3 eV. Processing conditions are critical; for instance, the creation of an AuZn eutectic at
625 °C may induce Zn deficit in the neighboring ZnO material [19].

B. Extended defects
Extended defects in ZnO, such as stacking faults, dislocations, and grain boundaries, represent
intricate structural imperfections essential for modulating its optoelectronic characteristics.
These defects frequently arise from interactions among point defects (vacancies, interstitials)
during processing (ion implantation, annealing) and act as sinks for mobile defects, thereby
influencing conductivity, luminescence, and radiation resilience in devices such as UV

detectors and solar cells [20].
1.4.2 Applications of ZnO

Owing to the characteristics of ZnO nanostructure previously discussed, zinc oxide (ZnO) is
extensively utilized in society and serves as a crucial element in various industrial
manufacturing processes, including paints, cosmetics, pharmaceuticals, plastics, batteries,
electrical equipment, rubber, textiles, and floor coverings. ZnO has been utilized in acoustic
wave devices, gas sensors, solar cells, piezoelectric transducers, light-emitting diodes (LEDs),
laser diodes (LDs), and transparent electrodes [21], [22], [23].

Zinc oxide has been utilized in numerous technical applications (Figure [.7), including porcelain

enamels, heat-resistant glass, vulcanization activators, additives for rubber and plastics,
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pigments in paints with UV-protective and fungistatic properties, protective coatings for
spacecraft, components of cigarette filters, healing ointments, and optical waveguides.
Finally, it is worthy to note that ZnO has been also used in medical applications such as sunburn

prevention, nappy rash, skin irritations, cold sores, cuts and burns treatments [24].

Gas
sensing

Antibacterial agents

pacitofs - UV detectors

superca

Solar cells

Piezoelectric
devices

Figure 1.7: Applications of ZnO in different fields.

I.5 Photocatalytic oxidation process

The significant prevalence of organic dyes in industrial effluent from sectors such as textiles,
paper, and garment manufacture contributes to environmental pollution. The dye effluents
contain highly toxic and carcinogenic substances that may present significant health hazards to
humans; these dyes are exceedingly detrimental to aquatic habitats. Consequently, the
elimination of organic dyes from wastewater is important.

Traditional water treatment techniques frequently fail to adequately eliminate such
contaminants, as their degradation may produce hazardous byproducts. This challenge
highlights the imperative for Advanced Oxidation Processes (AOPs), which provide a
comprehensive solution by ensuring total mineralization of pollutants, thus obviating the
requirement for further post-treatment and averting the generation of secondary waste.

Photocatalysis has garnered significant attention among advanced oxidation processes (AOPs)
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for its effectiveness in converting organic contaminants into harmless compounds under light
exposure. Photocatalysis distinguishes itself from other Advanced Oxidation Processes (AOPs)
by virtue of its minimal energy demands, capacity to function under sun illumination, catalyst
reusability, and more temperate reaction conditions [25].

In 1972, Fujishima and Honda conducted innovative studies that provided the first report on the
photoelectrochemical degradation of water. Two electrodes were employed, one composed of
platinum and the other of TiO», to effectively generate H, and O> [26]. In 1979, Bard enhanced
the electrochemical concept established by Fujishima and Honda by introducing an innovative
method for photoelectrochemistry with TiO2 and platinum cells [27]. This method illustrated
that the photoelectrochemical processes of semiconductors can produce powdered systems or
particles, which promote non-homogeneous photoreactions. This method illustrated that the
photoelectrochemical process of semiconductors can produce powdered systems or particles,
which promote non-homogeneous photoreactions.

Zinc oxide (ZnO) is a semiconductor material extensively utilized as a photocatalyst, owing to
its properties such as water insolubility, stability in acidic or alkaline conditions, strong
corrosion resistance, non-toxicity, abundance, and low cost [28], [29]. The utilization of ZnO
in powder or slurry form for wastewater treatment presents challenges in the separation process;
hence, the development of ZnO materials immobilized on a support surface was undertaken to
address this issue [30]. ZnO, when utilized as thin layers or thin films, represents a notable way
of ZnO immobilization that attracts significant interest due to its potential to enhance material
and time efficiency in photocatalytic applications compared to ZnO in powder or slurry form
[31]. Another disadvantage of ZnO, aside from the separation issue, relates to its properties.
The photocatalytic efficacy of ZnO is constrained for practical applications due to its broad
band gap energy, elevated recombination rate of photogenerated charge carriers, and inadequate
adsorption capacity for visible light. Consequently, the modification of ZnO using various
approaches is essential to improve its photocatalytic efficacy, for example, coupling with other
semiconductor materials, surface modification with inorganic acids, and metal or non-metal

doping [31], [32].

I.5.1 Advantages and disadvantages of ZnO thin film photocatalyst

Thin films exhibit numerous advantages over powder photocatalysts, notably the simplicity of
recycling or recovering photocatalysts at the end of the wastewater treatment process (Figure
1.8). This may reduce the duration of the process and improve the usage of the photocatalyst,

hence minimizing consumption costs. Furthermore, powder photocatalysts suspended in

16



Chapter I Overview of Zinc Oxide Thin Film Properties and Their Uses

solution are susceptible to aggregation as concentration increases, hence diminishing
photocatalytic efficacy by modifying the optical characteristics that influence light absorption
of the photocatalysts [33]. Thin films composed of two-dimensional materials facilitate
quantum confinement. The integration of bound and free dimensions facilitates a synergistic
enhancement of material characteristics in both bulk and nanoscale forms [34].

The disadvantage of synthesizing photocatalysts as thin films is the difficulty in producing
stable thin films, together with limitations in the characterisation procedure. Moreover, in
comparison to powdered ZnO, the surface area of thin films is generally more limited,
potentially diminishing photocatalytic efficacy. Consequently, the synthesis and modification
processes of ZnO as a thin film photocatalyst material must be advanced to address these issues

[35].

ADVANTAGES DISADVANTAGES
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Figure 1.8: Advantages and disadvantages of different forms of photocatalyst [34].
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I.5.2 General photocatalytic mechanism of ZnO thin film

The mechanism of the ZnO thin film photocatalyst is predicated on its properties as a
semiconductor, which features an energy band consisting of a valence band (VB), a conduction
band (CB), and a band gap. Electrons in the VB undergo excitation to the CB and produce
holes when exposed to light radiation with energy greater than the band gap energy. Electrons
(¢") in the CB will be involved in the reduction process, whereas holes (h*) in the VB facilitate
the oxidation process. The photoexcitation process will result in redox reactions of O, and H>O
from the environment, resulting in the formation of superoxide (¢O>") and hydroxyl radicals
(*OH). These radical species will contribute to the degradation of pollutants [26].

The mechanism of ZnO photocatalysis is depicted in Figure 1.9.

The ZnO photodegradation reaction specifically entails the mechanisms of charge carrier
generation, carrier trapping, recombination, and interfacial reactions as illustrated in the

following equations.
Carrier generation:
ZnO + hv - ecg + hip (L1)

Charge carriers trapping:

h{g + Zn'VOH — {Zn'VeOH}* (1.2)
ecg + Zn'VOH — {Zn'OH} (1.3)
ecg + Zn'V - {Zn'} (1.4)
Recombination:

ecg + {Zn'VeOH }* - {Zn'VOH} (15)
hig + {Zn"'OH } - Zn'YOH (1.6)

Interfacial reactions:
{Zn'"VeOH }* + pollutant —» Zn'YOH + oxidized pollutant (1.7)

{Zn"OH } + 0, - Zn'VOH + 03 (1.8)
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Figure 1.9: General photocatalytic degradation mechanism of ZnO [36].

I.5.3 Kinetics of photocatalytic reactions

Generally, the photocatalytic degradation of contaminants by metal oxides is often assessed
using spectrophotometers. The photocatalyst was placed into the pollutant solution and the
mixture was thereafter agitated immediately. Following the preparation of the mixture, it is
allowed to stand for a certain duration to determine the adsorption capacity of metal oxides.
Next, the mixture is agitated under UV-visible light or direct sunlight, and the sample is
analyzed after a certain interval. Throughout this performance, the Amax value of pollutants
consistently diminishes, signifying a reduction in pollutant concentration within the mixture as
a result of the degrading response. The reduction in the Amax value is employed to assess the
kinetics of this degrading reaction. The kinetics dictate the rate of the degradation reaction,

which is the optimal method for assessing the efficacy of a photocatalyst.

1.5.3.1 Pseudo first order

The equations numbered 1.9 to 1.29 are employed to derive the final equation applicable to the
kinetics of photocatalytic degradation reactions. This derived equation refers to pseudo first-
order reactions.

Rate of photocatalytic degradation reactiono [Concentration].
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dCq

m ocCy (1.9)
dc
= Kl (1.10)

Rearranging of eq (I.11) gives

—%=K1dt (L11)
Ct

Integrating both sides of eq (I.12) as

— [T =K, [t (L12)
t
—InC; =K +C (I.13)
Initial reaction condition (t = 0 and Ct = Co) was applied to find C value than eq (I.14) becomes
as
—InCy =C (1.14)
Putting eq (I.14) in eq (I.13) then eq (I.15) becomes
- ln CO = Klt + (_lnCO) (115)
- ln CO = Klt - lnCO (116)
Rearrange eq (1.16) as
ln CO - lIlCO - Klt (1.17)
In2 =K, t (L18)
Ce
Ct
Co

Here, Co denotes the initial concentration of pollutants, Ct represents the pollutant
concentration at time t, t signifies the reaction period, and k1 is the rate constant for pseudo
first-order degradation reactions, referred to as the apparent rate constant (klapp). Equation
(I.19) can also be articulated in terms of absorbance (A) utilizing the Beer-Lambert law as

follows:

In>t = —Kjt (1.20)

0

This equation indicates that a graph is constructed plotting the natural logarithm of the ratio of
the absorbance value at any given time to the initial absorbance against the degradation reaction
time. The slope derived from this graph signifies the klapp value of these pseudo first-order

degradation reactions.

1.5.3.2 Pseudo second order
To derive the equation utilized for pseudo second-order reactions, one must follow each step

from equation (1.21) to equation (1.29).
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Rate of photocatalytic degradationo<[Concentration]?

—%m@ (121)
dcC
— S = K,C (1.22)

Rearrange eq (1.22) as

_d_czt — K,dt (1.23)
Ct
Integrating both sides of eq (1.23) as
_ f% =K, [dt (1.24)
t

Z=Kyt+C (1.25)
Ct

The initial reaction condition (t = 0 and Ct = Co) was utilized to determine the C value, leading

to the transformation of equation (1.25) as follows:

l=¢ (1.26)

1 1
1 1
- m =kt (1.28)

In this context, ko denotes the rate constant of pseudo-order degradation reactions, referred to
as the apparent rate constant (kzapp) for second-order reactions. Equation (1.28) can alternatively

be expressed in terms of absorbance (A) utilizing the Beer-Lambert rule, as follows:

1 1
=kt (1.29)

1.5.4 Factors affecting photocatalytic efficiency

The catalytic activity of various metal oxides differs markedly, and this variation is a crucial
element of heterogeneous catalysis, although it remains inadequately comprehended in
numerous practical applications. Despite extensive application in environmental cleanup,
energy conversion, and chemical synthesis, a comprehensive knowledge of how these intrinsic
features influence catalytic performance continues to pose a difficulty. The absence of clarity
constrains the logical design and selection of catalysts for certain industrial or environmental

processes.
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Numerous factors affect the catalytic efficacy of metal oxides, including particle size,

morphology, surface area, bandgap energy, and defect chemistry.

A. Effect of surface area

The surface area of metal oxide photocatalysts is a crucial factor affecting photocatalytic
performance, as it directly determines the number of active sites accessible to light-induced
redox reactions. An expanded surface area improves the adsorption of reactant molecules, hence
facilitating charge transfer at the catalyst-reactant interface and rising the density of surface
hydroxyl groups important to the generation of reactive oxygen species (ROS). Consequently,
optimizing surface area is an effective approach to enhance photocatalytic performance without
modifying the bulk electrical structure [37]. Nonetheless, surface area alone is inadequate to
ensure activity; it must be tuned alongside characteristics like as crystallinity, pore shape, and
charge carrier mobility. Excessively elevated surface areas may result in amorphous phases or
surface defects that function as charge recombination sites, undermining the advantages of

photocatalysis. Degradation efficiency of pollutants increases with increasing the surface area

of metal oxides as given in Figure 1.10.

160

@3 '1“1) eaie eNg

Figure 1.10: Degradation efficiency and surface area of (0—1.5%) W-doped TiO2 in the presence of xylene
under the following conditions: light intensity = 132.6 W/m?, [xylene] = 0.05 mL, flow rate = 300 mL/min [38].
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B. Effect of band gap
Band gap engineering is a crucial strategy for improving the catalytic efficiency of metal oxide

photocatalysts by adjusting their light absorption characteristics and charge carrier dynamics.
The band gap energy (Eg) represents the minimal photon energy necessary to promote an
electron from the valence band (VB) to the conduction band (CB), therefore initiating
photocatalytic processes. Generally, a narrower bandgap often allows for the absorption of a
greater portion of the solar spectrum (i.e., visible light); nevertheless, this is frequently linked
with an increased rate of electron-hole recombination and reduced oxidative ability of
photogenerated protons [39]. Conversely, a large band gaps provide more energetic charge
carriers with elevated redox potentials; nonetheless, activation is predominantly confined to the
ultraviolet spectrum of sunlight (about 3—5%). TiO> (3.2 eV) and ZnO (3.2 eV) are broad-band
gap photocatalysts that exclusively absorb UV irradiation (A < 400 nm) and demonstrate
exceptional photocatalytic activity under UV light, although possess restricted responsiveness
to visible light [40]. This limits their activation to UV light, which constitutes only a minor
portion (about 5%) of the solar spectrum, hence limiting their effectiveness in natural sunlight

[39].

To address this limitation, band gap strategies have been utilized to reduce the band gap or
adjust its position to improve visible light absorption and promote redox processes. Methods
comprise non-metal (e.g., N, C, S) and metal (e.g., Fe, Co, Cu) doping, coupling with narrow-
bandgap semiconductors that generate oxygen vacancies, and the formation of heterojunctions.
These adjustments not only redirect the optical response to the visible spectrum but also affect
charge carrier recombination rates and redox potential alignment. Upon light energy absorption
by a photocatalyst, electrons are excited to the conduction band, resulting in the formation of
holes in the valence band. If the conduction band potential is more negative than the O2/Oze"
redox potential (—0.13 V vs. NHE), these electrons may decrease oxygen to generate Oz,
thereby enhancing pollutant degradation and inhibiting electron-hole recombination (depicted

in Figure [.11). [41].
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Figure 1.11: Effect of band gap on photocatalytic performance [41].

C. Doping with metallic or non-metallic ions
The incorporation of metal or non-metal ions as impurities into the photocatalyst structure

diminishes its energy bandgap, hence decreasing the energy necessary to excite the
photocatalyst's energy bandgap [42]. In this situation, electron-hole pairs can be produced
utilizing visible light. Given that a significant fraction of sunlight comprises the visible light
spectrum, photocatalysts will demonstrate photocatalytic activity when exposed to sufficient
and readily accessible sunlight [43]. This benefit possesses considerable economic and
ecological significance. Non-metallic ions that can be incorporated into the structure of
photocatalysts include sulfur, nitrogen, carbon, boron, among others. When selecting the dopant
type, one must examine the crystalline structure and morphology of the photocatalyst, its energy
bandgap, as well as its structural and chemical constituents. The oxidation states of dopants are
crucial for the formation and separation of electron holes, hence enhancing the transfer
characteristics of electrons, oxygen ions, and holes at the surface as illustrated in Figure 1.12

[44].
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Figure 1.12: The mechanism of metal doping on metal oxide semiconductor for enhanced photocatalytic activity
[45].

D. Intensity of light

Light intensity represents a key external factor affecting the photocatalytic activity of metal
oxides. Because photocatalysis depends on the generation of electron-hole pairs through photon
absorption, higher light intensity generally increases the production of charge carriers. The
increased carrier density can enhance the frequency of surface redox reactions, hence accelerate
pollutant degradation or improve the efficacy of photocatalytic water splitting. The correlation
between light intensity and catalytic performance is non-linear and influenced by intricate
interfacial and kinetic processes that are insufficiently investigated. The intensity of light is a

crucial external factor affecting the photocatalytic activity of metal oxides [46], [47]

At low light intensities, the rate of charge carrier production frequently constitutes the limiting
factor, and photocatalytic efficiency escalates almost linearly with light intensity. Conversely,
at elevated intensities, a saturation threshold may arise due to recombination phenomena,
restricted active sites, or mass transfer constraints. Moreover, high photon intensity may induce
adverse thermal effects, potentially modifying reaction pathways or damaging catalyst

structures [45].
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E. Scavengers agents
Scavengers are utilized as diagnostic tools in mechanistic investigations, rather than as ways to

improve efficiency. These specialized compounds, added in controlled proportions, are
designed to selectively capture photogenerated species such electrons (e7), holes (h"), hydroxyl
radicals (*OH), and superoxide radicals (O ™). This helps to identify which reactive species are
most vital in the photocatalytic process. For example, isopropanol is often used to remove
hydroxyl radicals, whereas benzoquinone is used to remove superoxide radicals. In addition,
EDTA or TEOA can be used to remove holes. By observing alterations in photocatalytic
activity following the introduction of each scavenger, investigators can deduce the primary
contributor to degradation: *OH, Oz , or h*. Scavengers function as analytical tools; their
purpose is not to enhance photocatalytic efficiency but to elucidate the underlying mechanism

[48].

Scavengers serve two primary functions in photocatalysis. Firstly, they function as indicators
in mechanistic investigations to determine the active species responsible for pollutant
degradation. Secondly, and more critically for catalytic enhancement, they selectively hold
either electrons or holes, thereby decreasing the recombination rate and prolonging the lifetime
of charge carriers [49], [50]. For example, the usage of electron scavengers such as silver nitrate
(AgNO:3) or potassium dichromate (K2Cr2O7) can capture photogenerated electrons, hence
facilitating the more efficient involvement of holes in oxidative reactions. Conversely, hole
scavengers like methanol or EDTA can enhance reduction reactions by consuming holes and

facilitating electron predominance.

Besides controlling the photocatalyst's structure and addressing issues related to the overall
process, factors such as temperature and pH also affect light absorption, electron-hole

recombination rates, and other photocatalytic characteristics [51].

1.5.5 Photocatalyst deactivation

The deactivation of photocatalysts is a significant concern. Extended use of photocatalysts
usually ends in a decline in their activity due to many degradation mechanisms. A critical
element is surface poisoning due to reaction intermediates or residual species: partially oxidized
molecules and other byproducts tend to adsorb deeply onto active sites, hindering the adsorption
of reactants and diminishing overall photocatalytic effectiveness [52]. Furthermore, numerous

catalysts exhibit photo-corrosion or self-oxidation/reduction when exposed to light. For
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example, ZnO photocatalysts easily deteriorated in water, releasing Zn>" into the solution and

resulting in a corresponding decline in activity [53].

1.6 UV photodetection application

A photodetector is an electric device that converts visible, infrared, or ultraviolet light into
electrical signals. These devices have been widely developed recently because they are essential
for a variety of applications, including astronomy, space exploration, medicine, secure
communications, and environmental monitoring [54].

1.6.1 Fundamentals of photodetectors

The electrical characteristics of photodetectors, such as resistance, voltage, and current, change
when exposed to light. The photodetector device consists of the two main parts are photosensor
material and metal electrodes. A variety of device mechanisms, including the photoconductive
effect, photovoltaic effect, bolometric effect, photo-thermoelectric effect, photogating effect,
and pyro-phototronic effect, can be selected based on the junction formed between the
photosensor material and metal electrode and the device's structure [55].

In general, the absorption of photons with energies higher than or equal to the photosensor's
(semiconductor) bandgap excites negatively charged electrons from the valence band into the
conduction band, which allows electrons to move across the crystal lattice over great distances
when subjected to an internal or external electric field. Additionally, when an electric field is
applied, positively charged holes in the valence band move from one atomic site to another,
aiding in electrical conduction. In this way, light absorption separates electron-hole pairs,
creating a photocurrent that is gathered at the semiconductor edges by the metal electrodes. The
photocurrent's intensity at a particular wavelength rises as the intensity of the incident light
increases. By converting the energy of the absorbed photons into a measurable form, it may
also be used to determine the photon flux (also known as optical power) of a light beam.
Furthermore, the following features are crucial for evaluating the performance of the
photodetector device: photoresponsivity, photocurrent, specific detectivity and external
quantum efficiency, all of which are covered in detail in the next section.
1.6.2 Classification of UV photodetectors

In general, there are three types of semiconductor-based photodetectors: photoconductors,
photodiodes, and phototransistors.

a. Photoconductors

When exposed to light, the photoconductor's charge carrier number changes, allowing it to

detect light. To collect the photoexcited electron-hole (e-h) pairs, two metal ohmic contacts are
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formed on opposite ends of the photoconductor. as shown in Figure 13(a). The photogenerated
e-h pairs are collected at the electrodes by an external bias. Similar to a photosensitive resistor,
a photoconductor's resistance changes in response to light. Photogenerated charge carriers move
by the external circuit before recombination [56].

b. Photodiodes

The components of a photodiode are a semiconductor junction (p-n, p-i-n) or a
metal/semiconductor junction. The internal-electric field generated at the junction's interface
causes photoexcited e-h pairs to travel in the opposite direction when a photodiode type

photodetector is operated under reverse bias [56]. as shown in Figure. 13(b).
c. Phototransistors

Techniques to improve the photodetector's performance should decrease the noise in the device
in addition to raising the detector's gain. In photoconductors, low-resistance or Ohmic
connections produce a lot of dark current, which raises the flicker (1/f) or shot noise. On the
other hand, high-quality photodiodes functioning in photovoltaic mode can achieve low noise;
nevertheless, the absence of gain inhibits their reactivity. The concept of phototransistors has
been developed to address the noise problem. The gate terminal of a phototransistor is
electrically insulated from the channel by a dielectric layer, making it comparable to a
photoconductor, as seen in Figure [.13 (a-c). The gate voltage can be used to adjust the channel's
charge density and dark current. As a result, high photoconductive gain and low noise could be

achieved, leading to high responsivity and a gain-bandwidth product [56].
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Figure 1.13: Diagrammatic illustration of the different types of photodetectors a) phototransistor b)
photoconductor ¢) photodiode [56].

1.6.3 Performance parameters of photodetectors

The performance of a photodetector must be assessed using a number of critical performance
parameters. A photodetector's responsivity (R), response time, photoconductive gain (G),
detectivity (D*), external quantum efficiency (EQE), noise equivalent power (NEP), signal to
noise (SNR), etc. are typically measured. In this section, a brief introduction about these
important performance parameters is given.

» Responsivity: The efficiency of a photodetector's photoelectric conversion is indicated
by its responsiveness (R). The ratio of photocurrent to the power density of lit light is known

as responsiveness. The equation that follows can be used to express responsiveness:

R = P‘I’—ZO (1.30)

Where, lLign: 1s the output current in the presence of light, l4ak 1s the dark current, Pi, is the power
density of input light, and A is device area.

» External quantum efficiency (EQE) :
EQE provides the conversion efficiency of the detector and shows the number of e-h pairs

produced per number of photons incident. The following equation is used to calculate EQE:
EQE = R% (L31)

where, h, c, and q stand for Planck's constant, light speed, and electron charge respectively.
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» Internal quantum efficiency (IQE) :
IQE and EQE are comparable, with the exception that IQE takes into account the quantity of
photons absorbed. The ratio of created e-h pairs to absorbed photons is known as the IQE. The

following formula provides IQE:

hc
dAabs

IQE =R (1.32)

wherein Aaps 1s the ratio of the absorbed to incident light power at a specific wavelength.

» Response speed :
Response speed, which includes rising time (tr) and decay time or fall time (tf), indicates how
quickly the photodetector reacts to input light when the laser source is turned on and off. The
separation, movement, and collection of charge carriers in the channel primarily determine the
photodetector's response. The time difference between 10% and 90% and 90% and 10% of the
device current is used to calculate the detector's rise and fall times.

» Photoconductive gain (G) :

The number of charge carriers passing through the apparatus in relation to the quantity of
photons incident is known as the photoconductive gain (G). It is determined using the following

formula:

G = Nife_ _ __Tife (1.33)

Ttransit 2 /uVpias

Where Tiife and Twansit represent the charge carriers' lifetime and transit time, respectively, Voias

is the applied bias, p is the carrier's mobility, and L is the channel-length.

The lifetime of the charge carriers is the primary determinant of photoconductive gain, which
rises as carrier life time (tlife) grows. On the other hand, a longer carrier lifespan causes the
device's response time to drop, resulting in a trade-off between gain and response time. But in
reality, it is impossible to create a photodetector with extremely high responsivity and quick

response times.
» Specific detectivity (D*) :

The photodetector's sensitivity is indicated by its detectivity. The following is the detectivity

equation:
. R
= (1.34)

Wherein Jd (Id/Ao) represents dark current density. The unit is cm Hz1/2/W or Jones.
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> Ton/off ratio :
The sensitivity is the ratio of the device current while illuminated by light to when not
illuminated is known as the Ion/loff. superior on/off ratio photodetectors have very low dark
current and superior light absorption. To detect low-intensity signals in practical applications,

photodetectors with a higher on/off ratio are required.
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Chapter Il Deposition and Characterization Techniques of Thin Films

II.1 Introduction

This chapter provides an overview of the most commonly utilized thin film preparation
methods. We ‘Il discuss in more detail the solgel dip caoting technique that we used for the
preparation of S-doped ZnO and Cd-doped ZnO films. Additionally, the characterisation
techniques employed to analyze the thin films in this investigation will be discussed. The
techniques encompass X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray (EDS), atomic force microscopy (AFM), and UV-visible spectrophotometry
for the analysis of structural, morphological, chemical composition, and optical properties,

respectively.
II.2 Thin film deposition techniques

Physical processes like physical vapour deposition (PVD) and chemical processes like chemical

vapour deposition (CVD) comprise the many thin film deposition techniques (Figure.Il.1)
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Figure IL.1: Thin film deposition technique classification [57].
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I1.2.1 Sol-gel technique

The sol—gel deposition process encompasses synthesis methods that yield substantial amounts
of nanosized materials with precisely regulated particle size, shape, orientation, and crystal
structure, along with enhanced physical and chemical properties. This pertains to the production
of metal oxide thin films, including chemical reactions, nucleation, growth, and ageing utilising
an aqueous thin film processing technique known as aqueous chemical growth. Modulating the
thermodynamics and kinetics of nucleation, growth, ageing, and precipitation conditions
enables straightforward and effective regulation of particle size and distribution The necessity
for minimal surface energy compels nanoparticles to adopt a spherical shape. Nonetheless,
under appropriate synthesis (precursors) and dispersion circumstances, the morphology can be
influenced by the crystal symmetry and the chemical milieu Numerous process parameters
affect the interfacial tensions, which significantly contribute to the outcome. The regulation of

the crystal structure is associated with nucleation kinetics [58].
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Figure I1.2: Thin film deposition using the sol gel method [59].
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I1.2.2 Dip coating

Dip coating (DC) is a straightforward and efficient technology widely employed across
numerous industries, serving as a primary way to fabricate thin films using a specialised dip
coater. Under optimum conditions, dip coating may effectively produce extremely uniform
films and offers advantages over other coating processes due to its design simplicity, resulting
in reduced installation and maintenance costs. Under optimum conditions, dip coating may
effectively produce extremely uniform films and offers advantages over other coating processes
due to its design simplicity, resulting in reduced installation and maintenance costs. To achieve
this, it is important to meticulously control coating parameters and additional elements,
including withdrawal speed, temperature, airflow, and cleanliness, throughout the coating

process, necessitating profound comprehension and proficient coating expertise [60].

I1.2.2.1 Step dip coating process

The step dip coating procedure comprises three technical stages contingent upon the continuity

of the operation [61].

Step 1- Substrate immersion in the solution: The substrate is gradually submerged into the

solution at a steady and meticulously specified velocity.

Stage 2— dwell time: The substrate transports the precursor solution to be applied at a constant
velocity, followed by a designated dwell period, facilitating adequate contact between the

substrate and the precursor structures (coating solution).

Stage 3— Deposition and drainage: The substrate is elevated, entraining the precursor solution
(film-deposition phase) at a constant velocity toward the deposition area. The internal layer

ascends with the substrate, and the external layer descends back into the bath with the current.

Stage 4- Evaporation: The solvent evaporates from the liquid, resulting in the formation of a
deposited layer. The evaporation process can be expedited by the application of external heat
and the augmentation of surface area. Subsequently, the deposited film undergoes additional
thermal treatment, which eliminates remaining organics and promotes the crystallization of

functional oxides.
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Figure I1.3: Dip-coating process levels [59], [62].

I1.2.2.2 Thickness of the film in the dip-coating

In the dip-coating procedure, illustrated in Figure 3, when the viscosity of the liquid (1) and the
substrate speed (U) are sufficiently elevated to reduce the curvature of the meniscus, the ratio
of the thickness of the viscous drag (anU/h) to the gravitational force (pgh) is directly
proportional to the thickness of the deposited film (h), as expressed in Eq. (II.1) [61].

vl
h= cl(z—g)z (IL1)

The proportionality constant, c1, is 0.8 for Newtonian fluids in the typical dip-coating method.

The substrate velocity and liquid viscosity are significantly reduced in sol-gel manufacturing.
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The equilibrium between substrate velocity and liquid viscosity is regulated by the ratio of

viscous strain to liquid—vapor surface tension (yL, V), as delineated by the relationship

established by Landau and Levich. The hydrodynamic variables of dip coating, which

encompass solely pure liquids while disregarding temperature, were identified. This is

articulated below in Egs. (I1.2) and (I1.3):

h = 0.94 (\ys ()3 (I1.2)
YL rg

Vv

Upon rearranging, we obtain

2
h=094—00° _ (1L3)
(pg)z (YLv)6

Wetting Zone

Constant thickness zone

Dynamic Zone

Static Zone

Figure I1.4: Areas of dip coating film development [63].

The thickness of the films is determined by the streamline that separates the upward and
downward moving layers. Six types of forces influence the film-deposition region, determining

the thickness and regularity (streamline) of the deposited film:
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Viscous drag acting upward on the sol due to the sliding substrate.
The gravitational attraction.
Inertial force of the boundary layer in the deposition region.

Inertial force of surface tension resulting from the concave configuration of the

meniscus.
Surface tension gradient.

The separating or uniting pressure.

11.2.2.3 Control of microstructure

The film microstructure is effectively regulated by the particle size. For unaggregated, mono-

sized particulate sols, pore size is inversely related to surface area, resulting in an increase in

surface area as pore size diminishes. The determinants influencing the microstructures of the

deposited thin films comprise the following:

1. The morphology of the inorganic precursors incorporated in the initial sol (structure,

size, and fractal dimension).
The reactivity of precursors (condensation and aggregation rates).
The duration of the deposition process (evaporation rate and film thickness).

The magnitude of shear field applied and the capillary forces accompanying film

deposition (surface tension gradients).
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Figure IL5: Schematic depiction of the dip-coating procedure [61].

11.2.2.4 Advantages of dip coating
A. High productivity

Dip coating facilitates batch processing, enabling the simultaneous coating of several
workpieces. In contrast to spray or spin coating, which applies coatings individually, it
facilitates much accelerated production. Complexly formed workpieces can be efficiently

coated by modifying the coating liquid and withdrawal velocity.
B. Cost efficiency

Dip coating methods are comparatively straightforward, minimising upfront capital
expenditures. The procedure also reduces material waste, contributing to decreased operational
expenses. Its appropriateness for mass production renders it efficient in decreasing the coating

cost per unit.
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C. Suitability for complex shapes

Dip coating uniformly applies a coating over the whole surface of a workpiece, rendering it
effective for intricate geometries. To prevent problems like sagging or inconsistent thickness,
it is essential to select the appropriate coating substance and establish a suitable withdrawal

speed.
D. Efficiency of simultaneous coating on both sides

Dip coating enables the simultaneous application of a coating to both surfaces of a workpiece
in a single immersion. This significantly enhances efficiency relative to techniques

necessitating the coating of each side individually.

I1.2.2.5 Disadvantages of dip coating
» Risk of uneven film thickness

The thickness of the film in dip coating is affected by withdrawal speed, liquid viscosity, and
surface tension. If these elements are not adequately regulated, inconsistent coating may ensue.

Exact regulation of these parameters is crucial for attaining consistent thickness.
> Possibility of elevated initial equipment expenses

Dip coating methods for large-scale production may necessitate substantial capital expenditure.
The initial expense may provide a difficulty for small or medium-sized enterprises.
Nonetheless, the enduring advantages of enhanced production may surpass the initial

expenditures.
» Significance of the cleaning procedure

Inadequate cleaning prior to coating might diminish quality and lead to complications in future
procedures. Enhancing the cleaning process is essential for attaining dependable coating

efficacy.
» Potential for drooping

Complexly shaped workpieces are susceptible to sagging during dip coating. To avert this, it is
necessary to implement steps such as modifying coating viscosity, improving withdrawal

velocity, and enhancing the workpiece design.
I1.2.2.6 Various factors influencing dip coating 6

v Substrate surface cleaning: Confirm the substrate surface is devoid of impurities to

enhance adhesion.
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v The purity of the coating solution: Impurities in the coating solution can compromise

the overall performance of the coating. Utilize filtered liquids to avert infection.

v Soaking time: Soaking duration influences the coating's thickness. Adjust soaking

duration according to the required coating thickness.

v Withdrawal velocity: The velocity at which the substrate is extracted from the coating

solution influences the uniformity of the coating. Ensure uniform withdrawal velocities.

v Coating cycles required: Multiple coating cycles may be necessary to attain the

appropriate thickness. Enhance cycle durations according to coating specifications.

v Type and concentration of the solution substance: The kind and concentration of the
coating solution influence coating efficacy. Selecting the appropriate paint for your project is

essential.

v Environmental conditions: Aspects including humidity, temperature, and ventilation
can influence coating quality. Ensure appropriate environmental conditions for uniform

outcomes.

v Equipment calibration: Consistent calibration of the dip coating apparatus guarantees

precision and reproducibility of outcomes.
I1.3 Characterisation techniques of thin film

Thin films are often defined by their structural, morphological, and optical characteristics. This

section provides a concise discussion of the characterisation tools employed in this study.
I1.3.1 X-ray diffraction analysis (XRD)

XRD analysis is a method employed for the detection and identification of crystalline phases
within a material. When electromagnetic radiation of a wavelength (1) equivalent to the atomic
spacing of the crystal, specifically A ~ 0.1 nm, interacts with the material, it experiences
diffraction of the incident wave. Consequently, X-rays will undergo diffraction when
interacting with crystalline substances (Figure [1.6). Diffraction can be mathematically

articulated by Bragg's equation of diffraction (11.4).

2dsin 6 = nk (I1.4)
d represents the interplanar spacing of a certain set of planes, 6 denotes the angle between the
incident (or diffracted) ray and the corresponding crystal planes, and n is an integer known as

the order of diffraction, often equal to one (1).
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Figure I1.6: A graphic depiction of the interaction between X-rays and matter, along with the condition for
reflection as defined by Bragg's law [64].

A Bruker D8 Discovery diffractometer (Figure 11.7) with a 20°-80° range and Cu Ko radiation
(L =1.54184 A) was used to perform the DRX analysis.

Based on the distinctive D8 XRD family platform, Bruker's D§ ADVANCE is ideal for all X-
ray powder diffraction and scattering applications, such as: Conventional powder diffraction
for X-rays (XRD), Analysis of Pair Distribution Functions (PDF), and X-ray scattering at small
and wide angles [SAXS (Small-Angle X-ray Scattering), WAXS (Wide-Angle X-ray
Scattering)]. The D8 ADVANCE's exceptional versatility allows it to measure any kind of

sample on a single device, including liquids, loose powders, thin films, and solid blocks [65].
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Figure I1.7: Brucker D8 ADVANCE diffractometer [65]

The goal of the diffraction experiment, as it is now understood, is to give quantitative data on
the shape characteristics (SC, BCC, FCC, Wurtzie, mix) and volume unit cell (the lattice
parameters). The phase correlations between the radiation scattered by each atom in the unit
cell determine the intensity of diffraction peaks. Generally speaking, the qualitative phase
analysis of the diffraction pattern of XRD analysis will be compared with the International
Center for Diffraction Data (ICDD) and other standard crystallographic databases to expedite

the phase identification of a material in a range of crystalline specimens [66].

Microstructural parameters such crystallite size (D, Debye-Scherrer equation), dislocation
density (d), micro-strain, and X-ray density were also measured using an X-ray diffractometer

(XRD). [31], [67].

KA
Denery = geoso (11.5)

Where D (002) is crystallite size based on plan (002), B is the full width at half maximum
(FWHM), 0 is the Bragg's angle, k is the correction constant (0.94), A is the X-ray wavelength
(1.54 A) [68], [69].

1

Sy = (IL.6)

D(hkl)2
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B
Emk) = T ono (IL.7)

The lattice parameters (a=b and c), interplanar spacing (d), and volume of the unit cell (Ven) of

the hexagonal ZnO structure were calculated using the following equations [70]:

d = L I1.8

hkl \/é( h2+ k2 + hk) +(%)2 (IL8)
— A

dhkl = 55509 (IL9)

Voeu =2 a%c (I1.10)

The following equations were utilized to determine Atomic Packing Factor, and degree of

crystal lattice distortion for the samples hexagonal structure [71], [72].

2Ta

APF = 2= (IL11)
2a |2

For the hexagonal structure of ZnO, the Zn—O bond length, L, and positional parameter (u) are

calculated using the following relations [31], [73].

| = \/a;+ (G — w2c? (IL13)

u=-—+025 (IL.14)
3c

The positional parameter (u) in the wurtzite structure represents the displacement of an atom in

relation to the next atom along the c-axis. It quantifies the extent of this displacement.

The bond angles, a and B, (in radians) are ascertained using the subsequent equations [71]:

o= g + arccos[1+ (3 (2)2 (% - u)z)] : (I1.15)

2 2 1
B=2arc sin[g + (4 (2) (13 — u) )] 2 (I1.16)
X-ray density (px-ray) and specific surface area (S*) were obtained from the following equations
[74], [75]:

ZM
Px-ray =5 (IL17)

Veell Nqg
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g+ = 6000
Px-ray D

(IL18)

where a, b, and c are the lattice parameters, Z is the coordination number of the unit cell (i.e.,
the number of atoms per unit cell), M is the molecular weight of the sample, and Na is

Avogadro's number.
I1.3.2 Morphological analysis

The sophisticated form of microscopy known as Field Emission Scanning Electron Microscopy
(FE-SEM) generates electrons from a field emission cannon. As a result, FE-SEM achieves a
high level of spatial resolution by using a smaller beam size than traditional scanning electron
microscopy (SEM). Consequently, FE-SEM achieves a high level of spatial resolution by using
a smaller beam size than traditional scanning electron microscopy (SEM). Furthermore, this
microscopy modality is especially sensitive to the most electron beam-sensitive samples
because it permits the use of extremely low voltages, which reduces the charging impact. For
an assessment of extremely fine cell surface characteristics, FE-SEM is a crucial tool in this

regard [76].

The most adaptable high-resolution low-vacuum FEG SEM with extended low-vacuum
capabilities for extremely difficult samples and dynamic experiments is the Quattro S FESEM,
a field emission scanning electron microscope that can generate and collect all available
information from any type of sample material. By freely and easily switching between three
vacuum modes, the Quattro S can be used to investigate materials that are conductive, non-

conductive, and incompatible with high vacuum (Figure I1.8) [77].
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Figure I1.8: Schematic diagram of FESEM (a) and its operating principle (b) [ 78], and The Thermo Scientific

Quattro S, FESEM equipment (c).
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I1.3.3 Energy Dispersive X-ray Spectroscopy (EDX or EDS)

Energy-dispersive diffraction spectroscopy (EDX, sometimes also called EDS or EDXS) is a
robust and frequently used method for physical and chemical characterisation as well as

imaging.|79].

Energy-dispersive X-ray spectroscopy (EDS) is frequently employed to analyse elemental
composition and distribution (mapping) in nanomaterials. The EDS detector is integrated into
both SEM and TEM systems, with measurements conducted at elevated energy levels. The
material surface is subjected to high-energy electron bombardment, resulting in the ejection of
an electron from the inner shell and the creation of a vacancy. An X-ray photon is emitted when
high energy levels transition to lower levels, as seen in Figure Il .9 (a), and is subsequently
detected by the EDS detector. The emitted X-rays can be assigned to each element in the sample
and depicted as a spectrum or mapping [80]. Production of X-rays in the electron microscope.
Primary beam electrons (energy Eo) interact with sample atoms in various manners: non-
interaction, elastic interaction, or inelastic interaction involving energy transfer to the sample
(Figure I1.9 (b)). The former can result in the production of secondary electrons (E <50 eV) or
Auger electrons (50 eV < E < 3 keV), the emission of radiation as visible light
(cathodoluminescence), characteristic X-rays, or bremsstrahlung X-rays, the excitation of
plasmons (5 eV < E < 30 eV), or the heating of the sample through phonon excitation (E ~
meV) [79].
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External
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Figure I1.9: (a) Graphical representation of X-ray emission during electron-atom interaction [80], and (b)

Conventional interactions between electrons and specimens in the electron microscope [79].
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I1.3.4 Atomic force microscope (AFM)

Among scanning probe microscopy techniques (Figure I1.10), atomic force microscopy (AFM)
is the most widely utilized analytical tool due to its versatility in examining both conductive
and nonconductive materials, and its capability to function in various environments, including
ambient, liquid, and vacuum conditions (including ultra-high vacuum (UHV)) [80], [81]. The
scanning probe microscope (SPM) has emerged as a crucial tool for the characterisation of
nanomaterials due to its diverse uses. SPM facilitates the examination of surface characteristics,
including friction, thermal conductivity, mechanical properties, magnetism, electrical
properties, and adhesion, with nanoscale precision. The analysis can be conducted by two
probe-sample interactions, wherein the probe scans the sample and the sample scans the probe
at a 100 nm configuration. The initial scanning probe microscopy (SPM) was the scanning
tunnelling microscope, and technological advancements have facilitated the development of
specialized SPMs, like the atomic force microscope (AFM), magnetic force microscope, and
electric force microscope, which can operate in various environments, such as ambient
conditions and ultrahigh vacuum. Moreover, a recent study employed STEM for the first time

to investigate the surface during a catalytic process [81], [82].
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Figure I1.10: Schematics of atomic force microscopy operation (static mode) [82].
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I1.3.5 Optical properties (UV-VIS Spectroscopie)

In a UV-Vis (ultraviolet-visible) spectroscopic test, light absorption as a function of wavelength
reveals information regarding the electronic transitions occurring within the substance. The
fraction of transmitted light is governed by the Beer-Lambert law, which posits that the ratio of
light intensity after interacting with the sample (I, typically quantified as transmittance or
reflectance) to the incident intensity (I0) is contingent upon the path length of light through the
sample (1), the absorption cross section (r) of the transition, and the disparity in population
between the initial state (N1) and final state (N2) of the electronic energy levels (E1 and E2)
(Figure.11(a,b)) [83].

1 _ emo(Ni=Ny)I (IL.19)

Io

(a)

Light Source

Slit Detector

(b)

Figure I1.11: (a) Single beam UV-Vis transmission setup with the monochromator positioned before to the

sample [83], and (b) the SpectroScan 80D device with V-770 spectrophotometer.
This is sometimes expressed in a format known as Beer’s Law [83]:

A=¢le=-lo glo(i) (I1.20)
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A=c¢lc= —loglo(l’—o) (IL.21)

A represents absorbance, ¢ denotes the concentration of the absorbing species, | signifies the
path length of light traversing the sample, and ¢ indicates the molar absorptivity coefficient of
the material. Be aware that the observed intensity of a genuine system may be complicated by
transitions involving several initial and end states. The absorbance A can be standardized to the
path length 1 of the light traversing the material (e.g., the thickness of a film), resulting in the

absorption coefficient o [83].

-1y = In(10)A

a(cm proms

(I1.22)

UV-Vis spectroscopy provides an efficient means of estimating the optical band gap in
semiconductors by examining electronic transitions between the valence and conduction bands.
The optical band gap does not inherently equate to the electronic band gap, defined as the energy
differential between the valence band maximum (VBM) and the conduction band minimum
(CBM). However, it is frequently approximated as such due to the scarcity of practical methods
for measuring the electronic band gap [83].

The optical band gap of studied films was calculated using the Tauc equation, as shown below

[32]:
(ahv) = A(hv — E,)" (11.23)

In the aforementioned equation, a signifies the absorption constant, hv indicates photon energy,
A is a constant, Eg represents the optical band gap, and the exponent n is contingent upon the
transition nature of the material. The current study indicates that the value of n is 1/2, signifying

a permitted straight transition.

The refractive index curve (n) of samples was ascertained by theoretical computations. The
refractive index (n) and the extinction coefficient (k) were derived using equations (12), (13),

(14) and (15) [32], [84] :

— (&R AR 2
n=(7)+ ook (I1.24)
ai
-2 (I1.25)

R=1-Texp(4) (11.26)
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where R denotes reflectivity, o represents the absorption coefficient, k signifies the extinction
coefficient, e indicates the sample thickness, and A staV nds for the wavelength.
The refractive index can also be computed using the Hervé and Van Damme formula presented

in equation (22)[85].

_ 13.6 -,
n= /1 + G (11.27)

A straightforward method can be utilized to ascertain the band edge potential of the conduction

band (CB) and valence band (VB) . The Butler and Ginley equations [86], [87] facilitate the

calculation of the EVB and ECB of a semiconductor at its zero-charge state[88].

Ecg = X — Ee — 0.5 Eg (IL.28)
ECB - EVB - Eg (1129)

Where y denotes the absolute electronegativity of ZnO (5.9 eV), and Ee signifies the energy of

free electrons on the hydrogen scale (about 4.5 eV).
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Chapter IIl Synthesis and Characterisations of pure ZnO and sulfur-modified Zinc
oxide thin layers for optoelectronic and environmental applications

III.1 Introduction

In this part, pure ZnO and sulfur-doped ZnO thin films were developed onto a glass substrate
using the gel-sol technique and dip coating process. Additionally, we looked at the effects of
sulfur doping on the ZnO films' structural, surface morphological and topographical, and optical

properties, as well as their possible uses in photocatalysis and UV light detection.
III.2 Thin film manufacturing

II1.2.1 Preparing the substrate

The films were made using low-cost, practical, typical glass slides that were 25.0 X 37.6 mm?
in size and 1-2 mm thick. The glass substrates were ultrasonically cleaned with acetone,
methanol, and distilled water for 15 minutes each, then stored in ethanol and dried just before

use.

@ Zinc acetate + 6 Dip coating process Sodium sulfate +

ethanol ° deionized water

+ @ Hot plate : 300°C, 15 min
f for one cycle
.
\, @ Annealing treatment :
Oven with oxygen
500°C, 2 hours
o
@ ST EG A (VB e SOdium sulfate
Zinc oxide thin films solution
solution

Pure ZnO

thin film

Figure. I1I.1: Demonstrates the procedure for preparing thin film samples via dip coating methodology.
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II1.2.2 Chemical and materials

The study utilised multiple chemicals, including zinc acetate dihydrate [Zn (CH300),, 2H>0O,
99 % purity, MERCK], ethanol [C2HeO, 99.8 % purity, VWR], sodium sulfate anhydrous
[Na2SOs, > 98 % purity, Sigma-Aldrich], monoethanolamine (MEA) [C2H7NO, 99 % purity,
Sigma-Aldrich], ethanol [C2HsO, 99.8 % purity, VWR], methylene blue dihydrate (MB)
[C16H18CIN3S, 2H>0,99 % purity, Sigma-Aldrich]. Thin films were fabricated at room
temperature using a dip coating device (HOL-MARC HO-TH-02B).

III.6  Synthesis of thin films

The procedural steps for sample preparation using the sol-gel and dip-coating methods. Both
undoped and S-doped ZnO thin films were deposited onto glass substrates, Initially, a 0.4 M
solution of zinc acetate was prepared in a mixture of ethanol and MEA (30 mL and 0.4 mL
respectively). This solution was stirred for thirty minutes at room temperature and then heated
to 50 °C for two hours until it became transparent. Deionised water served as the solvent for
preparing a sodium sulfate solution of 10 mL for each model at two different weight
percentages, based on mass concentration (5 % and 2 %). This solution was stirred for one hour
at 80 °C. The resulting solutions were then combined with the previously prepared pure zinc
oxide and stirred for two hours at 50 °C. The prepared solutions were kept at room temperature
for 48 h before being applied via dip coating. Each layer was dip coated onto glass substrates,
and all thin films were dried for 15 min at 300 °C. The process was completed by annealing in

an oven set at 500 ~C for two hours after the deposition of twenty layers.

IV.3 Results and discussion

IV.3.1 Structural investigation

Figure I11.1 illustrates the X-ray diffraction examination of S-doped ZnO thin films, as well as
pure ZnO thin films at varying dopant concentrations Fig. 2. Seven different peaks are observed
within the diffraction angle range of 30° to 70°, corresponding to the (100), (002), (101), (102),
(110), (103), and (112) planes. The peaks align with the ZnO reference pattern, as shown by
the standard ICDD card number 00-036-1451. The XRD results showed no evidence of
secondary phases or impurities, such as peaks related to ZnS or sulfur, likely due to the low S
concentration (below 5 %), highlighting the success of the doping method. The graphical data
shows that all samples have hexagonal wurtzite crystal structures, which match the space group

P63mc [89], [90]. The hexagonal wurtzite phase of ZnO is acknowledged as the most
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thermodynamically stable among the many ZnO phases [67] . The crystalline quality is assessed
by the intensity and full width at half maximum (FWHM), as shown in prior research. Each
sample displays a distinct and acute peak associated with the (002) plane, and no displacement
in the XRD peaks was seen upon the introduction of the S dopant. This indicates that ZnO
crystals preferentially align perpendicularly to the substrate surface along the c-axis [30]. The
(002) plane, being the predominant peak, is selected for additional investigation and
computations. In the diffractogram for pure ZnO, the (103) peak exhibits the highest relative
intensity. This is attributed to the structure factor Fhkl, where the arrangement of Zn and O
atoms within the unit cell results in maximum constructive interference for the (103) plane
compared to other reflections. As sulfur is incorporated into the lattice at 2% and 5%
concentrations, a systematic decrease in diffraction intensity is observed, particularly for the
(103) peak. This reduction suggests: lattice Distortion, defect-induced disorder, microstrain

The microstructural parameters, including crystallite size (D), dislocation density (6), and
micro-strain (g), determined using XRD, are illustrated in Figure II1. 1(a), while x-ray density,

specific surface area, and bond length are depicted in Figure I11. 1(b).

(a) — Zn0 (b) : Zno
2% S-Zn0 2% §.ZnO
— 5% $-Zn0 i\ —— 5% sZn0

Intensity (a.u)

(103)

20 30 40 S0 60 70 80 33,6 340 344 348 35,2

2 Theta (degree) 2 Theta (degree)

Figure. 111.2: (a) XRD patterns of pure and sulfur-doped ZnO nanostructured thin films at varying sulfur doping
concentrations; (b) strong diffraction peaks (002) in the XRD of the samples.

Microstructural characteristics such crystallite size (D), dislocation density (d), micro-strain,

and X-ray density were also measured using an X-ray diffractometer (XRD) and are shown in
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Table III.1.

The crystallite size of the 2% S-doped ZnO film diminished from 26.71 nm in pure ZnO to
24.59 nm, as illustrated in Figure II1. 2(a). Notably, the crystallite size of the 5% S-doped ZnO
film was marginally greater than that of the 2% S-doped ZnO film. Research indicates that
doping ZnO with sulfur alters crystallite size, resulting in a reduction upon sulfur incorporation
[91], [92]. This discovery indicates that the ZnO lattice was doped with low-valent sulfur,
implying that the dopants impede crystallite formation. Additionally, the research demonstrates
that dopants induce lattice distortions and defects, resulting in heightened internal stresses, as
indicated by the increase in micros trains with doping. The positive micro strain values depicted
in Figure I11. 2(a) signify tensile strain €, which correlates with the existence of impurities or
defects, ion exchanges involving atoms of varying ionic radii, and discrepancies in the lattice
constant [93]. The introduction of sulfur into the ZnO crystal lattice likely accounts for the
tensile strain seen in this study, as it reduces crystallite size and enhances lattice characteristics.
Our results correspond with the current literature, which has documented analogous phenomena
for S-doped ZnO [91], [92]. Figure IIl. 2(b) depicts the established Zn-O bond length
measurements. According to the ionic radii of O* (1.40 A) and Zn** (0.74 A), the anticipated
Zn-O bond length is 1.9525 A; yet, the measured values in all films exceed 1.9725 A. It is
generally accepted that dopants are often inserted or substituted according to the size of the
doping ions and the electronegativity of the participating atoms [94]. Sulfur (S*), the dopant,
possesses a greater ionic radius (1.84 A) compared to oxygen (0?°), which measures 1.40 A.
With a Pauling electronegativity of 2.58, sulfur exhibits lower electronegativity than oxygen,
which is valued at 3.44. The disparity in electronegativity is especially pronounced when
contrasting ZnO and ZnS, with values of (Zn, O) (1.65, 3.44) for ZnO and (Zn, S) (1.65, 2.58)
for ZnS. Thus, Zn>" ions demonstrate a greater affinity for O* ions compared to S* ions [95],
[96]. Shorter bond lengths generally arise from a greater divergence in electronegativity
between elements [96]. Consequently, the S-Zn bond length exceeds the O-Zn bond length
between sulfur and zinc (as illustrated in Figure [II. 2(b)). The finding shows that there are
structural problems, particularly oxygen vacancies [97], when sulfur is added to the ZnO lattice.
The specific surface area (S*) rose from 41.574 to 43.92 m?/g, although the X-ray density
marginally declined from 5.722 to 5.718 g/cm? (as illustrated in Figure II1. 2(a)).
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Table II1. 1: Structural properties obtained from XRD data for all thin films produced via the dip coating process.

Samples (hkl) dnki (A°) lattice parameters (A°) Volume
o0)3
a=b c Veelle (A )
ZnO (100) 2.8093 3.2414 5.1924 47,246
(002) 2.5974
2% S-ZnO (100) 2.8072 3.2418 5.1939 47,271
(002) 2.5964
5% S-ZnO (100) 2.8082 3.2421 5.1952 47,292
(002) 2.5959
——D (nm) 450
 x10° (a) R R )  fm
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Figure. I11.3: Structural parameters: (a) crystallite size, micro-strain, and dislocation density; (b) bond length,

I11.3.2 Morphological investigation

X-ray density, and specific surface area.

Scanning Electron Microscopy (SEM) was employed to evaluate the surface morphologies of

both undoped and sulfur-doped ZnO thin films, as depicted in Figures I11. 3(a-c). Grain size and

porosity were assessed utilizing Imagel] software. The data acquired via Image] analyses

enabled us to generate histograms of grain size distribution and ascertain the average grain size.

The outcomes are presented in Figure [1I. 4(a—d). In ImagelJ, film porosity is quantified as a

percentage of area (% area). The SEM pictures demonstrated significant alterations in surface

morphology according to the doping levels. Figure I11. 3(a) displays the SEM image of undoped

Zn0O, revealing a uniform, homogenous, and smooth surface characterized by equally

distributed spherical particles, with an average grain size of 268.304 nm and a porosity of

23.216% (Figure 11 3(a, d)). Conversely, the 2-wt% sulfur-doped thin film (Figure I11. 3(b, d))
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exhibits wrinkles and diminutive spherical particles, characterized by an average grain size of
174.225 nm and a porosity of 15.162 %; these wrinkles are interconnected. The irregularities
augmented the film's surface area beyond initial projections, potentially improving catalytic
activity. Upon elevating the sulfur concentration to 5 wt%, the wrinkles diminished, and their
density reduced, yielding an average grain size of 185.535 nm and a porosity of 21.606%
(Figure I1I. 4(c, d)). The incorporation of S atoms into the ZnO lattice chiefly accounts for the
noted decrease in grain size of S-ZnO films, relative to pure ZnO, along with the morphological
alterations [98]. The X-ray analysis section indicates that the microstress values grow and
become positive, signifying tensile stress. This is attributable to the greater ionic radius of sulfur
in comparison to oxygen (S*/O*: 1.84 A / 1.40 A). This favorable reading indicates the
existence of impurities or defects, ion exchanges with atoms of differing ionic radii, and
discrepancies in the lattice constant. Doping typically causes modest distortions in the crystal
structure, as seen by the subtle alterations noted in the doped samples [93]. Notably, the grain
size measurements surpass the crystallite size established via SEM and XRD analytical
methods. Scanning FElectron Microscopy (SEM) displays spherical morphologies with
diminutive grain sizes, resulting in multiple grain boundaries and an ensuing scattering effect.
XRD examination, conversely, verifies that the grains consist of several distinct crystals. This
discovery aligns with the findings of Aradhana and Goktasa [99], [100], in addition to the
theoretical contributions of Straumal [101]. The specific grain boundary area (area-to-volume
ratio) is determined by the equation SGB = 1.65/GS, where GS denotes the mean grain size.
[99], [100]. The computed SGB values for both pristine and S-doped ZnO thin films are around
61.5 x 10°,94.71 x 10°, and 88.93 x 10> m*/m? for ZnO, 2% S-ZnO, and 5% S-ZnO thin films,

respectively.

Figure I1I. 5(a-c) presents the EDS spectra along with the composition tables for both undoped
and S-doped ZnO samples applied to glass substrates. The study verifies the existence of
elemental peaks associated with Zn, S, and O. The atomic percentages of sulfur prior to
activation do not align with the elemental composition seen after activation, as demonstrated in
Figure III. 5 and discussed in the XRD section. This contradiction can be ascribed to sulfur's
reduced Pauling electronegativity (2.58) relative to oxygen (3.44), alongside its greater ionic

radius, with ionic radii of O> and S*> measuring 1.40 A and 1.84 A, respectively.
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[95], [96], [102]. In the pure ZnO thin film, the atomic percentages of oxygen and zinc are
63.81% and 9.77%, respectively (Figure 1. 5(a)). The atomic percentages of oxygen, zinc, and
sulfur in the 2% S—ZnO thin film are 53.69%, 21.98%, and 0.46%, respectively (Figure III.
5(b)). In the 5% S—ZnO films, the atomic percentages of oxygen, zinc, and sulfur are 53.08%,
24.69%, and 0.99%, respectively (Figure [11.5(c)). As the dopant concentration rises, the atomic
proportion of oxygen diminishes owing to sulfur's incorporation into the ZnO lattice. In
contrast, the atomic percentage of zinc increases with elevated sulfur doping, an essential
modification to preserve charge neutrality between the negative charges from sulfur (S*~ and
0?) and the positive charges from zinc (Zn?*") within the lattice [103]. Moreover, the EDS
spectrum reveals supplementary elements, including silicon (S1) and calcium (Ca), presumably

derived from the glass substrates | 104].

Figure I11.4: SEM images of (a) ZnO, (b) 2% S-ZnO, (¢) 5% S-ZnO thin films.
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Figure I11. 6: The EDS pictures of the as-deposited films: (a) ZnO, (b) 2% S-ZnO, and (¢) 5% S-ZnO.

I11.3.3 Topographical investigation (AFM)

Atomic force microscopy (AFM) is an essential method for assessing surface morphology

quality, determining surface area, lateral particle size, and surface roughness. Figure II1. 6(a-c)

presents the two-dimensional (2D) and three-dimensional (3D) AFM images, accompanied by

an enlarged view of pure and sulfur-doped ZnO films. The materials were analyzed utilizing

high-resolution AFM pictures in contact mode, covering a scanning area of 5.0 x 5.0 um?. The

surfaces of the films in Figure IIl. 6(a) and (c) are defined by uniformly structured,

homogenous, dense, and coarse. In contrast, Figure III. 6(b) displays an inhomogeneous,

uneven film that is less dense than those shown in Figure I11. 6(a, ¢) and exhibits wrinkles. Table

[1I. 2 encapsulates the findings of Gwyddion's computations regarding surface area, mean

roughness (Sa), and root-mean-square (RMS) roughness derived from these pictures. The RMS
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roughness (sq) values for the pure (a) and S-doped films (b-c) are 3.321, 3.879, and 3.690 nm,
respectively. The mean roughness values of samples (a), (b), and (c) are 2.646, 3.185, and 2.980

nm, respectively.

Thus, the topography of Figure I11. 6(b) exhibits greater density than that of Figure II1. 6(a, ¢),
resulting in surface area values of (a) 28.66, (b) 29.82, and (c¢) 29.55 pm?. The 2% S-doped ZnO
exhibits inhomogeneity, the smallest grain size, and a densely packed surface, while the
undoped and 5% S-doped ZnO films demonstrate greater grain sizes and less dense surfaces
relative to the 2% S-doped ZnO. The entire substrate surface is evidently coated with small
grains, with certain areas exhibiting irregularly dispersed agglomerations of grains that are
abundant in wrinkles. A coarse surface facilitates the adsorption of organic compounds, making
it ideal for photoelectrocatalytic applications [32], [105]. These findings correspond with our
scanning electron microscopy analysis, which demonstrated a 2% increase in RMS roughness

for the S-ZnO thin film.

Table III.2: The mean roughness, root mean square roughness, and surface area of the samples were determined

using Gwyddion software based on AFM images.

Samples ZnO 2% S-ZnO 5% S-ZnO
root mean square roughness (nm) 3.321 3.879 3.690
Mean roughness (nm) 2.646 3.185 2.980
Surface area (um?) 28.66 29.82 29.55
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Figure II1.7: 2D and 3D AFM images, along with a zoomed-in view of (a) ZnO, (b) 2% S-ZnO, and

(¢) 5% S-ZnO thin films.

I11.3.4 Optical investigation

The optical features were examined by assessing the transmittance and refractive index spectra
of both undoped ZnO and S-doped ZnO thin films throughout wavelengths ranging from 190
to 1100 nm, as depicted in Figure [II. 7, along with the calculations presented in Table III. 3.
The undoped ZnO sample exhibits a high transmittance within the visible spectrum, ranging
from roughly 75% to 85% ((Figure III. 7(a)). It is apparent that the transmittance of S-doped

ZnO thin films decreases with the addition of sulfur. The reduction in transmittance may result

from 1) lattice distortion, ii) defect formation, and iii) an increase in scattering centres due to

the incorporation of S in ZnO thin films.
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Moreover, the existence of interference fringes in the undoped ZnO thin film indicates the
superior surface quality and optical uniformity of the final product. Figure III. 7(b) illustrates

the refractive index (n) spectra of zinc oxide thin films comprising both zinc oxide and sulfur.

The sample thickness is denoted as e, the extinction coefficient a, k, the absorption coefficient
as o, the reflectivity as R, and the wavelength as A. The S-introduced samples demonstrated
elevated refractive index values compared to ZnO thin films within the visible spectrum. The
elevation of the n value may be associated with the alteration of the band gap and the
concentration of charge carriers in the ZnO thin film. S doping lowers the optical band gap of
ZnO. Furthermore, when utilised as a dopant, S may alter the concentration of free charge
carriers, thus augmenting the refractive index of ZnO. Elevated refractive index values in the
lower wavelength or higher energy spectrum result from the synchronisation of light photon
frequencies with the plasma frequency [106]. This alignment results in resonance between the
incident photon and electronic polarisation [107], facilitating electron interaction with an

oscillating electric field [108], [109].
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Figure III. 8: (a) Transmission and (b) refractive index curves as a function of wavelength for deposited layers.

Figure II1. 8 depicts the fluctuation in Eg values for each sample. The bandgap energy (Eg) for
undoped ZnO thin films is 3.27 eV; however, for samples with 2% and 5% sulfur doping, the
Eg values are reduced to 3.23 eV and 3.25 eV, respectively. The decrease in the band gap may

be attributed to alterations in crystal structures, atomic separations, grain dimensions, and the
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morphology of applied coatings [110]. Rini and Rati synthesised S-ZnO nanorods by a seed-
mediated hydrothermal process and noted a corresponding trend in band gap energy with
elevated sulfur doping [111]. Dutta et al. [112] showed that the reduction in Eg is attributable
to heightened tensile stress resulting from the introduction of contaminants. The coating's low
band gap renders it a good choice for photocatalytic applications [26]. Nonetheless, additional

experimental investigations are required to validate its complete appropriateness.

Table II1.3: The gap energy, thickness, average refractive index (obtained from the curve), and refractive index

measured via the Hervé-Vandamme model were examined using UV-visible spectroscopy measurements.

Samples ZnO 2% S-ZnO 5% S-ZnO
Gap energy (eV) 3.27 3.23 3.25
Thickness (nm) 162 185 143

Mean refractive index (curve) 1.52 1.63 1.62
Refractive index (Herve-Vandamme) 2.255 2.263 2.257
Thickness (nm) 162 185 143
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Figure I11. 9: Energy gap measurements of the synthesized specimens.

I11.4 Photocatalytic investigation

I11.4.1 Experimental protocol

The photocatalytic efficacy of the produced thin films, specifically pure ZnO and S-doped ZnO,
was evaluated using two distinct irradiation sources. The studies were performed under sunlight
on a clear day in October 2024 in Khenchela, Algeria, from 11 am to 3 pm, with an average
flux of around 480 mW/cm?, and under UV light using a Philips G15T8 (15 W, A = 251 nm)
lamp placed 10 cm away. An aqueous solution of MB dye was employed to assess the
photocatalytic responses of the samples under UV and solar light exposureThe methods utilized
in every test, suitable for thin film samples, entailed positioning a 2 cm % 2 cm thin film in 10
ml of a pH~7.5, 2.5x10” molL"! MB solution. To achieve an adsorption-desorption equilibrium
between the catalysts and the dye components, researchers stirred the catalyst-laden solutions
in the dark for 30 minutes before exposing them to light. Thereafter, the glass beakers were
subjected to direct sunshine and UV radiation. Every thirty minutes, 3 ml of the pollutant was
extracted for solar exposure. The concentration of MB in the 500-750 nm wavelength range

was quantified using a SpectroScan 80D UV-vis spectrophotometer. Following up to the
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immediate measurement of absorbance A, the employed fluid (3 ml) was reintroduced to the

original solution to maintain a uniform concentration of MB. The protocol for UV exposure at

varying durations was comparable.

I11.4.2 Photodegradation of MB

Following the analysis of After examining the structural, optical, and morphological properties

of both undoped and doped ZnO films, we now focus on their photocatalytic activities under

UV and natural sunlight illumination. Figure I11. 9(a-f) illustrates the optical absorption spectra

of the MB solution in the presence of photocatalysts for each light source. The principal

absorption peak was seen at Amax = 664 nm, indicative of MB molecules.

The spectra were taken at 15-minute intervals under UV illumination. Figure III. 9(a-c)

depicts the reduction in intensity of the absorption peaks with time and under dark

conditions, in the presence of thin coatings. Figure [1l. 10(a) illustrates the findings of MB

photodegradation efficiency assessments relative to UV irradiation duration, indicating that

S-doped ZnO thin films exhibited enhanced MB degradation efficiency in comparison to

pure ZnO. The 2% S-doped ZnO thin film demonstrated excellent performance following 50

minutes. Table 3 presents the effectiveness values, demonstrating that dye degradation with

the different photocatalysts is practically complete after 50 minutes of UV light exposure.

ZnO doped with 2% sulfur attained the highest degrading efficiency among the

photocatalysts, achieving 94.69% within 50 minutes.

Spectra were obtained at 30-minute intervals under sunshine. Figure I[II. 9(d-f)
illustrates the diminution of absorption peak intensity with time and under dark
conditions in the presence of thin coatings. The initial blue hue of the solution
progressively diminishes until it turns colourless, signifying the degradation of the
chromophoric structure of MB following sunlight exposure. Figure [11. 10(b) presents
the results of MB photodegradation effectiveness assessments as a function of sunlight
exposure duration, indicating that S-doped ZnO thin films displayed a superior MB
degradation rate compared to pristine ZnO. Table II1.4 presents the efficacy values,
demonstrating that dye degradation using the different photocatalysts is practically
complete following 90 minutes of direct solar light exposure. ZnO doped with 2% sulfur
exhibited a superior degradation rate of 96.71%, in contrast to 5% sulfur-doped ZnO at
89.58% and pristine ZnO at 76.32% after 90 minutes. Additionally, a reduced
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concentration of sulfur ions in the ZnO matrix markedly improved the breakdown
efficiency of methylene blue. According to our findings, the optimal outcomes for MB
degradation during UV and sunlight exposure were obtained utilising S-doped ZnO thin
films fabricated by the sol-gel dip-coating technique. From the aforementioned
statistics, we can deduce that the subsequent parameters enhance the distinctive
photocatalytic effectiveness of S-doped ZnO:

- XRD examination indicates that a decrease in crystallite size may augment the specific
surface area of the film, hence improving catalytic activity, as previously reported.
[113].

SEM and AFM investigations demonstrate that increased surface areas enhance
photocatalytic activity [114]. The specimen's heightened light absorption is chiefly
attributable to its textured surface, characterised by numerous wrinkles that augment
light dispersion, thus enhancing the efficacy of the photocatalytic process under UV and
solar irradiation [ 115].

From an optical standpoint, the reduced band gap energy from 3.26 eV to 3.23 eV
facilitates the excitation of valence electrons by a larger quantity of lower-energy
photons, whereas defect states induced by dopants impede electron and hole
recombination, hence expediting the degradation process [116].

The capacity of sulfur doping ions to capture electrons and/or holes on the surface,
thereby inhibiting the recombination of the (e /h") pair, is an additional factor that
enhances photocatalytic efficiency [117]. Table II1. 5 displays the most recent findings
on metal- and non-metal-doped ZnO nanoparticles employed in the photocatalytic

destruction of organic contaminants.

Table I11.4: Kinetic characteristics for each catalyst, including sulfur-doped ZnO.

Under UV light Under sunlight
Samples
k (min™) D (%) k (min™") D (%)
Pristine ZnO 0.0253 83.99 0.0136 76.32
2%S-ZnO 0.0476 94.69 0.0237 96.71
5%S-ZnO 0.0313 93.05 0.0220 89.58

68



Chapter IIl Synthesis and Characterisations of pure ZnO and sulfur-modified Zinc oxide
thin layers for optoelectronic and environmental applications

12} (a) Zn0 under UV F () 2% S-ZnO under UV F (©) 5% $-2n0O under UV
- Dye Dye Dye
= 10 ——30min dark [ ——30 min dark L ——30 mindark
ﬁ 30 min 30 min 30 min
8 0,8F ——40min =40 min F ——40min
% 45 min 45 min 45 min
= 06 ——50min =50 min =50 min
g
@ 04F
z
0,2F
0,0 = S
500 550 600 650 700 750500 550 600 650 700 750500 550 600 650 700 750
L2F (0 ZnO under sunlight | |- (€) 2% S-ZnO under sunlight F® 5% $-ZnO under sunlight
- Dye Dye Dye
= L0F ——30mindark ' ——30min dark I ——30min dark
g 30 min 30 min 30min
¥ 08 ——60min - ——60min I ——60min
5 90 min 90 min 90 min
2 06 X
g
w 04 L
Z
0,2 |
0,0 ae® /_\ S

500 550 600 650 700 750500 550 600 650 700 750500 550 600 650 700 750
Wavelength (nm)

Figure I11. 10: MB absorbance at various time intervals with pure ZnO and S-doped ZnO catalysts

under UV and solar exposure.

69



Chapter IIl Synthesis and Characterisations of pure ZnO and sulfur-modified Zinc oxide

thin layers for optoelectronic and environmental applications

Table III. 5: Recently published studies on metal and non-metal doped ZnO nanomaterials for the photocatalytic

destruction of organic contaminants.

Type of Element in % Synthesis process Pollutant/ Light Exposu Dye Ref.
dopant source re time degrad
(min) ation
%
Alkaline Mg (2.5 wt %) Sol—gel spin coating MB/ UV 150 72.15 [118]
earth (thin film)
metals
Mg Lupinus albus Leaf MB/ Sunlight 120 99.6 [119]
Extract (NPs)
Ba (5 wt %) SILAR (thin film) MB/ Sunlight 300 95.78 [120]
Sr (5 wt %) SILAR (thin film) MB/ Sunlight 240 94.82 [121]
Transition  Cu (1 wt %) ALD (thin film) MB/ Sunlight 420 90 [122]
metals
Mn (5 wt %) Sol—gel dip coating MBY/ visible 120 33 [123]
(thin film)
Cd (5 wt %) SILAR (thin film) MB/ UV 150 82.5 [124]
V (10 wt %) Spray pyrolysis MB/UV 150 68 [125]
(thin film)
Noble Ag (5 wt %) SILAR (thin film) MB/ UV 180 75 [126]
metals
Ag (6 wt %) Pulsed fs-LA (NPs) MBY/ visible 90 99.5 [127]
Au (3 wt %) Wet chemical (NPs) RhB/ UV 10 100 [128]
Pd (3 wt %) Wet chemical (NPs) MB/ Sunlight 150 48.5 [129]
Rare Earth  La (5 wt %) Spray- pyrolysis MB/ UV 180 95 [130]
metals (thin film)
Sm (5 wt %) Sol—gel (NPs) MB/ Sunlight 60 7.83
Nd (0.1 wt %) Electrospinning— MB/ Halogen lamp 120 100 [131]
calcination (NPs)
Gd (0.1 wt %) Calcination (NPs) ARI18/ UV 40 98.28 [132]
Non-metals C Thermo-evolution MB/ UV-visible 150 67.2 [133
(NPs)
N Thermo-evolution MB/ UV-visible 150 78.5 [133]
(NPs)
S Thermo-evolution MB/ UV-visible 150 81.4 [133]
(NPs)
S (5 wt %) Hydrothermal RhB/ Visible 150 92 [92]
(thin film)
S (2 wt %) Sol—gel dip coating MB/ UV 50 94.69 This
(thin film) study
S (2 wt %) Sol—gel dip coating MB/ Sunlight 90 96.71 This
(thin film) study
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Figure III. 11: Degradation rate of MB over time for pure and S-doped ZnO under (a) UV radiation and

(b) sunlight presence.
I11.4.3 Photodegradation kinetic study

The rates of methylene blue degradation under light exposure were analysed using the
Langmuir-Hinshelwood kinetic model, with samples serving as catalysts. Table 3 encapsulates
the experimental data analysed with different catalysts, whereas Figure II1. 11(a, b) depicts the
outcomes derived from this equation. The results validate that MB photodegradation adheres to
first-order kinetics, with S-doped ZnO films exhibiting superior photocatalytic activity relative
to undoped ZnO. The 2% S-doped ZnO thin film exhibited the best photocatalytic efficiency,
with rate constants of 0.0476 min~' and 0.0237 min ' under UV and sunlight, respectively,
roughly twice that of undoped ZnO (0.0253 min' for UV and 0.0136 min ™! for sunlight).
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Figure III. 12: The reaction kinetics of methylene blue dye degradation for pure ZnO and sulfur-doped ZnO thin
films under (a) ultraviolet and (b) solar light.

I11.4.4 Mechanism of photodegradation behavior

The band edge potentials of the valence band (VB) and conduction band (CB) for ZnO and S-
doped ZnO can be ascertained using a simple method. The band gap energies (Eg) of ZnO, 2%
S-doped ZnO, and 5% S-doped ZnO films are 3.26 eV, 3.23 eV, and 3.25 eV, respectively. The
conduction band (CB) and the valence band (VB) for ZnO and sulfur-doped ZnO can be
determined using the Butler and Ginley equations, which are employed to ascertain the EVB
and ECB of a semiconductor in its zero-charge state. The EVB and ECB values for the 2% S-
doped ZnO thin film are 3.015 eV and -0.215 eV, respectively, whereas for pristine ZnO, they
are 3.03 eV and -0.23 eV. The 5% S-doped ZnO thin film exhibits EVB and ECB values of
3.025 eV and -0.225 eV, respectively. The 2% S-doped ZnO demonstrates an elevated
conduction band and valence band potential compared to pure ZnO, promoting the fast
interaction of O2 molecules with excited electrons to generate *O: radicals. Thus, the S dopant
efficiently captures excited electrons, diminishing charge carrier recombination. Figure [11. 12
illustrates the photodegradation pathway of the S-doped ZnO thin film. In pure ZnO, the valence

and conduction bands are delineated by the Fermi level. The introduction of sulfur impurities
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results in the emergence of a new band beneath the Fermi level, ascribed to the production of
free electrons. The impurity effect induces a shift in the Fermi level, thereby altering the band
gap. Upon the impact of a sufficiently energetic photon on the photocatalytic material, a
photoexcited electron (e”) ascends from the valence band (VB) to the conduction band (CB),
resulting in the formation of a hole (h*) in the VB, so promoting the redox process. Hydroxyl
radicals (*OH) are generated when this void interacts with H.O molecules. In the S-doped ZnO
photocatalyst, the impurity level is situated beneath the conduction band, potentially
augmenting the separation rate of photogenerated charge carriers (¢ /h") by capturing the
excited electron. The confined electron can then interact with an oxygen (O:) molecule to
generate superoxide anions (*O:2") radicals. These radicals are crucial to the breakdown of MB

dyes, leading to the production of CO», H>0O, and other vital minerals [26].
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Figure I1II. 13: Mechanism of photocatalytic MB degradation in S-doped ZnO films.
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I11.4.5 Trapping test

Diverse scavengers, including ethylenediamine, tetraacetic acid, disodium salt (EDTA), L-
ascorbic acid (AscA), isopropyl alcohol (IPA), and cupric nitrate (CN), were used in the
trapping investigations of the primary reactive species. These scavengers were employed to
capture holes (h"), superoxide (¢Oz"), hydroxyl radicals (*OH), and electrons (e), respectively.
A 10 mL solution of MB was individually combined with 10% M of each of the four specified
scavengers. The principal active species in the photocatalytic process was identified by
evaluating photocatalytic efficiency under similar conditions through studies conducted without
scavengers. Figure III. 13(a, b) illustrates the photodegradation efficiency of MB solutions
utilising 2% S-doped ZnO under UV and solar light, both with and without the presence of
different scavengers. Figure I11. 13(a) suggests that *OH and h* are the primary active species
responsible for the degradation of MB dye under UV light, with the introduction of IPA and
EDTA markedly diminishing the photocatalytic degradation efficiency of 2% S-doped ZnO. In
contrast, *OH significantly contributes to the degradation of MB dye under sunlight exposure

(Figure II1. 13(b)).
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Figure I1I. 14: Effectiveness of MB degradation over the 2% S-ZnO catalyst in the absence and presence of

various scavengers under (a) UV irradiation, and (b) sunlight illumination.
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I11.4.6 Reusability test

In photodegradation research, the stability and reusability of catalysts are crucial, since they
enhance the cost-effectiveness of the process through catalyst recycling. This study examined
the reusability of 2% S-doped ZnO, recognised as the most effective catalyst for MB
degradation. Following initial use, the catalyst was subjected to a cleaning procedure with
distilled water and subsequently dried prior to reuse. This protocol was uniformly implemented
following each cycle. The degradation process was reevaluated in a new MB solution at a
concentration of 2.5 x 107> M. The experiment was performed six times, using a 2% S-doped
ZnO catalyst under both UV and solar illumination. The results, depicted in Figure I1I. 14(a-c)
and Table II1. 6, yield several significant insights.

A significant rise in degradation percentages was noted between the second and third cycles
in comparison to the first cycle under UV light radiation. This is probable because, at the
initial measurement, MB adsorption had not yet attained equilibrium and continued during

irradiation.

Figure III. 14(a) demonstrates that the degradation percentages of MB dye after four
successive cycles of UV exposure exhibited a significant increase within a brief irradiation
duration. This phenomenon can be ascribed to the augmented production of electron-hole
pairs at elevated light intensity, hence improving photocatalytic activity and dye degradation
efficacy.

The degradation efficiency of MB dye after six consecutive cycles of sunshine exposure
exhibited a minor decline from 96.71% to 96.04% (Figure III. 14(b)), demonstrating the
effective recycling capability of 2% S-doped ZnO under sunshine.

The XRD patterns of the 2% S-doped ZnO film, prior to and following the sixth cycle of
exposure to both UV and direct sunlight, as illustrated in Figure III. 14(c), exhibited no
substantial variations, other than a decrease in peak intensity. This indicates a reduction in
crystallinity and a drop in film thickness, presumably resulting from photo-corrosion, wherein
ZnO at the interface dissociates into Zn*" and O* ions. The ions dissolve in the solution upon
exiting the film, leading to diminished layer thickness and lower photoactivity degradation

[134], [135].
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In conclusion, these results emphasise the catalyst's strong reactivity, exceptional stability, and
reproducibility, showcasing its significant potential for environmental remediation, especially

under solar irradiation.

Table I11.6: Recycling of the catalyst, reaction duration, and degradation effectiveness (D) of methylene blue for
2% S-doped ZnO.

Under UV light Under sunlight
No. of cycles : : - -
D (%) Time (min) D (%) Time (min)
1 94.69 50 96.71 90
2 97.64 30 96.79 90
3 96.21 30 96.50 90
4 89.98 30 96.63 90
5 74.52 50 96.25 90
6 58.46 50 96.04 90
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Figure I11. 15: Evaluation of the reusability of the 2% S-ZnO thin film for MB dye through photocatalytic testing
under (a) UV rays, (b) sunlight exposure, and (¢) XRD analysis following the sixth cycle of photocatalytic studies.

IIL.S Photodetection investigation

The pure and cadmium-doped ZnO thin film samples were analysed for photocurrent under
dark conditions and UV illumination with a power intensity of 90 mW/cm? at a wavelength of
365 nm. The sample had an area of 1.5 x 2 cm?, and the corresponding photocurrent was
documented using a source meter connected via copper electrodes, as shown in the schematic
design Figure II1. 15, and the related data were illustrated in an I-V graph, as depicted in Figure
[1I. 16. The degree to which a photodetector's electrical output fluctuates in response to light

exposure is a measure of its sensitivity. The dark current of the 5 V photodetector device with
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pure ZnO was 5.82 nA, 6.38 nA for 2% S-ZnO, and 6.02 nA for 5% S-ZnO at room temperature.
Under UV light, this improved to 6.73 nA, 8.46 nA, and 7.93 nA, respectively. The main
photodetection characteristics of the produced S-doped ZnO photodetector, including
sensitivity (S), responsivity (R), and detectivity (D), were evaluated based on the observed I-V

curve. Table III. 7 displays the result values for each sample.

The measurement results indicate that ZnO devices doped with 0%, 2% and 5% sulfur have
respective sensitivities of 1.16, 1.33 and 1.32. The responsivity of a photodetector is a key
parameter defining its ability to convert an incident optical signal into an electrical response.
The measured responsivity value for pure ZnO is 27.11 nA/W; it increases to 31.32 nA/W for
a 2% sulfur doping before decreasing to 29.39 nA/W for a 5% doping. Detectivity, which
reflects the photodetector's ability to detect low-intensity optical signals. The measured values
are 10.88 x 10°12.01 x 10° and 11.6 x 10° Jones for pure ZnO, ZnO doped with 2% sulfur and
ZnO doped with 5% sulfur, respectively (Table I11. 7).

The sample doped with 2% sulfur-doped ZnO exhibits maximum detectivity, reactivity, and
sensitivity. This improvement is attributed to more efficient generation and collection of charge
carriers under UV illumination. This parameter increases with increased free electron
concentration, which is associated with a greater presence of ionised oxygen vacancies. Sulfur
doping improves device performance by reducing resistivity and increasing charge carrier
density. However, excessive doping introduces more recombination centers, which promote
electron-hole recombination and lead to the degradation of the device's optoelectronic

performance [70], [136], [137], [138], [139].

Table II1.7: Photocurrent performance of pure and sulfur-doped ZnO thin films measured at 5 volts.

Samples S R (nA /W) D105 (Jones)
S (%)

0% 1.16 27.11 10.88

2% 1.33 31.32 12.01

5% 1.32 29.39 11.6
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Figure III. 16: Schematic for a fabricated photodetector device.
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Figure I11.17: Current measured as a function of voltage in darkness mode and under UV light for pure ZnO,

2% S-doped ZnO, and 5% S-doped ZnO thin films.

III. 6 Conclusion

This study involved the deposition of pure and sulfur-doped ZnO thin films onto glass substrates
utilising the dip-coating process. The synthesised materials were characterised using multiple
techniques, including X-ray diffraction (XRD), energy-dispersive spectroscopy (EDS),
scanning electron microscopy (SEM), atomic force microscopy (AFM), and ultraviolet-visible
spectroscopy (UV-VIS). The implanted thin films were used as photocatalysts for the
decomposition of methylene blue under ultraviolet light and sunlight. S-doped ZnO films
demonstrated enhanced photocatalytic activity relative to virgin ZnO. The 2% S-doped ZnO
sample exhibited the best photocatalytic performance under UV and sunlight exposure,
achieving efficiencies of 94.69% after 50 minutes and 96.71% after 90 minutes, respectively.
The studies on trapping active species confirmed that H* and *OH are crucial for the
photocatalytic breakdown of MB. Furthermore, reusability assessments confirmed the stability

and reliability of the film following six successive cycles. Additional examination of this thin
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film is necessary, as it possesses potential as an environmentally benign photocatalyst for a
wider array of pollutants; consequently, we propose that sulfur doping is a viable technique to
augment the photocatalytic efficacy of ZnO thin films for environmental applications. The UV
photodetection performance of ZnO thin films was also enhanced by S doping, and the optimal
device with 2 wt% of S-doping, achieved remarkable sensitivity, responsivity, and detectivity

values of 1.33, 31.32 nAW"!, and 12.01x10° Jones, respectively.
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IV.1 Introduction

In this part, pure ZnO and cadmium-doped ZnO thin films were developed onto a glass substrate
using the gel-sol technique and dip coating process. Additionally, we looked at the effects of
cadmium doping on the ZnO films' structural, surface morphological, topographical, and optical
properties, as well as their possible uses in photocatalysis under sunlight light irradiation and

UV light detection.
IV.2 Thin film manufacturing

IV.2.1 Preparing the substrate

The films were placed on common, cost-effective, and manageable glass slides (25.0 x 37.6
mm?) and 1-2 mm in thickness. Prior to deposition, the glass substrates underwent ultrasonic
cleaning in acetone, distilled water, methanol, distilled water, and ethanol for 15 minutes in
each solvent. Substrates were kept in ethanol post-cleaning and subsequently dried immediately

prior to use.
1V.2.2 Chemical and materials

The study utilised multiple chemicals, including zinc acetate dihydrate [Zn (CH300), 2H>0,
99 % purity, MERCK], ethanol [C2HsO, 99.8 % purity, VWR], methanol [CH4O, > 98 % purity,
VWR], acetone [C3HsO, > 99.5 % purity, Sigma-Aldrich], Cadmium chloride
hemi(pentahydrate) [CdClz, 2.5H20, > 98 % purity, MERCK], monoethanolamine (MEA)
[C2ZH7NO, 99 % purity, Sigma-Aldrich], methylene blue dihydrate (MB) [C1sH1sCIN3S, 2H»O,
99 % purity, Sigma-Aldrich]. The compounds employed in radical scavenger research, such as
isopropanol (IPA) [C3HsO, > 99.5 % purity, Sigma-Aldrich], ethylenediaminetetraacetic acid
dihydrate (EDTA) [C1oH16N208, 2H>0 > 98 % purity, Biochem], copper (II) nitrate trihydrate
(CN) [Cu (NO3)2,3H20, > 99 % purity, MERCK], L-ascorbic acid (AscA) [CsHsOs), > 99.7 %

purity, MERCK]. Thin films were fabricated at room temperature using a dip coating device

(HOL-MARC HO-TH-02B).
IV.2.3 Synthesis of thin films

The procedures for sample preparation use dip-coating and sol-gel methodologies. Glass
substrates were coated with both undoped and Cd-doped ZnO thin films. Initially, 40 mL of
ethanol was mixed with 0.4 mL of MEA to formulate a 0.4 M solution of zinc acetate.

Subsequent to 30 minutes of agitation at room temperature, the solution was elevated to 50 °C
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for two hours till achieving transparency. To produce the doped films, 3wt%, 7wt%, and 10wt%
of cadmium chloride were incorporated into the prepared precursor solutions as the cadmium
source. Secondly, prior to applying the prepared solutions for dip coating, we allow them to rest
at room temperature for 72 hours. The aged solution was applied to cleaned glass substrates at
a dip speed of 80 mm/min to attain the necessary thickness. The samples were subsequently
warmed at 400°C for 10 minutes to eliminate any solvents. This procedure was executed fifteen
times. The technique concluded after the deposition of 15 layers, followed by a two-hour

annealing at 500 °C.

IV.3 Results and discussion

IV.3.1 Structural investigation

The crystalline characteristics of the produced samples were examined by XRD analysis. Figure
I'V.1 illustrates the XRD patterns of both pure and cadmium-doped ZnO thin films. Within the
diffraction angle range of 20° to 80°. All diffraction peaks of both undoped and doped ZnO
samples are attributed to the wurtzite hexagonal structure (standard ICDD card: 00-036-1451,
space group P63mc, a =b # c) [32]. The diffractions from the (002) planes are highly intense,
indicating that the growth direction of all samples of thin films is orientated along the c-axis
[140]. The diffraction intensities of the doped sample are weaker compared to the undoped
ZnO0, indicating that Cd doping can somewhat hinder the crystallinity of ZnO [141]. Further
the positions of XRD peaks in the Cd-doped ZnO films exhibit a small shift towards lower
diffraction angles compared to pure ZnO. This may result from the introduction of dopants into
the ZnO lattice, as the ionic radius of Cd*" (95 pm) differs from that of Zn>* (74 pm) [71].
Consequently, the diffraction patterns indicate that Cd** ions methodically replace Zn>* ions or

insert into the ZnO nanocrystal while maintaining the wurtzite structure. The insertion condition

at Lattice Wurtzite is r'/R™> \E -1 [(rca2+/RO* = 0.679 and 1z02+/RO* = 0.529), rzn2+(74 pm),

rca2+(95 pm), and RO? (140 Pm)], then the Pauling electronegativity of cadmium bigger than
zinc (Xcq = 1.69, and Xz, = 1.65). Furthermore, the absence of secondary phase peaks in the
diffraction patterns indicates that the synthesized samples are of high purity and consist of a
single phase. The (002) plane, being the most significant peak, is selected for additional
investigation and computations. Microstructural characteristics, including, lattice parameters (a
= b and c), volume of the unit cell (Vcenr), Atomic Packing Factor (APF), and crystal lattice
distortion degree (R) are presented in Table ['V. 1(a), and crystallite size (D), dislocation density
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(8), micro-strain (€), bond length (1), Bond angles o and J are presented in in Table I'V. 1(b).
The crystal lattice distortion degree (R) increases with variations in cadmium doping, as
illustrated in Table I'V. 1(b). The increase in (R) can be attributed either to the substitution of
Zn* ions by Cd*" ions or to the incorporation of cadmium into the tetrahedral or octahedral sites
of the crystal lattice. The hexagonal structure has 12 tetrahedral sites and 6 octahedral sites. In
the wurtzite structure, which is initially hexagonal, oxygen ions occupy fifty percent of the
tetrahedral sites, while zinc ions occupy the hexagonal sites. The Atomic Packing Factor (APF)
is a crucial metric for measuring the density of atomic packing in a crystal lattice. It is defined
as the ratio of the entire atomic volume within a unit cell to the overall volume of the unit cell.
The APF offers significant information into the material's density and structure [ 142]. Atomic
Packing Factor (APF) value after mixing ZnO with cadmium increased to around 0.15%
compared to pure ZnO due to the incorporation of cadmium ions into the crystal structure,
evidenced by the expansion of the unit cell volume. In the ideal wurtzite configuration, the
Atomic Packing Factor (APF) for a hexagonal close-packed (HCP) structure is 0.74. This
signifies that atom occupy 74% of the volume within a hexagonal close-packed (HCP) unit cell,
leaving 26% of the volume vacant of particles [143]. The Atomic Packing Factor (APF) of 3%
Cd-doped ZnO is 75.578%. This signifies that atoms occupy 75.578% of the volume within a
unit cell, whereas 24.422% of the volume is unoccupied (devoid of particles). Figure IV. 1.(b)
demonstrates that the integration of Cd into ZnO thin films results in a decrease followed by an
increase in the crystallite size of the produced thin films. Table I'V. 1(b) illustrates the variation
in crystallite size of the synthesised nanostructured thin films based on the computed data. The
measured reduction in crystallite size of the synthesised nanostructured ZnO thin films upon
the incorporation of 3 wt % Cd, from approximately 42.23 nm to 37.32 nm, was followed by a
rise with the addition of 7 wt % and 10 wt % Cd, resulting in sizes of around 39.12 nm and
42.076 nm, respectively. Studies indicate that doping ZnO with Cd alters crystallite size,
exhibiting both a decrease and an increase following the injection of cadmium [ 144], [145]. The
ZnO lattice was doped with low-valent cadmium, indicating that the dopants impede crystallite
formation. The research demonstrates that dopants induce lattice distortions and defects,
resulting in heightened internal stresses, as indicated by the increase in microstrains with
doping. The decrease in strain caused the increase in crystallite size of thin films [31], [95]. The
positive micro strain values depicted in Table I'V. 1(a) signify tensile strain &, which correlates
with the existence of impurities or defects, ion exchanges involving atoms of varying ionic

radii, and discrepancies in the lattice parameters, and volume of the unit cell [31], [93].
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Table IV.1(b) presents the established Zn—O bond length measurements. The reduction in the
Zn—0 bond length in Cd-doped ZnO is attributed to the ionic radii of O* (140 pm) and Zn**
(74 pm), influenced by the electronegativity of the constituent atoms [31]. Cadmium (Cd*"), the
dopant, possesses a greater ionic radius (95 pm) compared to zinc (Zn*"> which measures 74
pm. Zinc, with a Pauling electronegativity of 1.69, is more electronegative than Zinc, which has
avalue of 1.65. The disparity in electronegativity is especially noticeable when contrasting ZnO
with CdO. Consequently, Cd*" ions demonstrate a greater affinity for O ions compared to Zn**
ions. Longer bond lengths generally result from a smaller difference in electronegativity
between elements and a larger ionic radius; therefore, the Cd—Zn bond length is greater than the
O—Zn bond length because the ionic radius of Zn** (74 pm) is less than that of Cd** (95 pm).
[31],195],[96]. Table I'V. 1(b) presents the values of angles a and B for the Cd-doped ZnO thin
films, which remain largely consistent, exhibiting only minor fluctuations attributable to the
greater size of the cadmium ion relative to the zinc ion [71], [146].

Finally, these results confirm that the changes in structural properties definitively demonstrate

the integration of the additive into the crystal lattice of zinc oxide.

Table IV. 1(a): Structural parameters derived from XRD data for all thin films Cd-ZnO deposited using the dip

coating technique.

samples Boo2 dioo doo2 20100 20002 a=b, ¢ Veelle
(rad) (nm) (nm) (°) (°) (A°)  (A°)

Pure ZnO 0.206 0.2815  0.2604  31.75 34.40 a=3.250 47.65
c=5.208

3% Cd-ZnO  0.233 0.2825 0.2609  31.64 34.33 a=3.262 48.071
c=5.218

7% Cd-ZnO  0.222 0.2824  0.261 31.65 34.32 a=3.260 48.052
c=5.22

10% Cd-ZnO 0.189 0.2823  0.2611 31.66 34.31 a=3.259 48.035
c=5.221
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Table IV. 1(b): Structural parameters derived from Cd-ZnO XRD data for all thin films deposited using the dip

coating technique.

Samples APF R D ex102  dx10™ 1 a, p
(%) (nm) lins /nm~  (nm) ©)
2
Pure ZnO 75471 10192 4223  2.898 5.6l 1.9782 o= 108.44
B=110.48
3% Cd-ZnO  75.578 1.0207 37.32 3.287 7.184 1.9841 0=108.36
B=110.56
7% Cd-ZnO  75.532  1.02 39.12  3.135  6.534  1.9838 o=108.40
B=110.52
10% Cd-ZnO 75489 1.0195 42.076 2.916 5.65 1.9835 0=108.43
B=110.49
— Zn0 — ICDDZn0 —— Zn0
3% Cd-ZnO 3% Cd-ZnO
—— 7% Cd-ZnO —~a —— 7% Cd-ZnO
0) 10% Cd-ZnO 385 10% Cd-ZnO
= iz
_A:_ l 2
= i
)
~—
=
o
I N T
33 335 34 345 35 355 3620 30 40 S0 60 70 80
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Figure IV.1: (a) XRD intense diffraction peaks (002), and (b) XRD patterns Cd-ZnO thin films of samples.

IV.3.2  Morphological

analysis FESEM

Environmental scanning electron microscopy (ESEM) investigation was employed to evaluate

the surface morphologies of each of the pure and cadmium-modified ZnO thin films, as depicted

in Figure I'V. 2(a-d). All the thin films exhibited a structure devoid of cracks. Grain size and
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porosity were calculated using Imagel software (Table 1V.2). FESEM images highlighted
significant changes in the surface morphology of sample Figure I'V. 2(b), while samples Figure
V. 2(a,c,d) retained a similar external appearance, with differences in porosity and particle size.
Figure I'V. 2(a, ¢,d) shows SEM-FEG images of pure ZnO, 7 wt% ZnO-Cd and 10 wt% ZnO-
Cd, respectively, which show an irregular and heterogeneous surface with unevenly distributed
spherical particles, with average grain sizes of 74.618, 43.531 and 55.42 nm and porosity of
26.178%, 15.113% and 18.364%, respectively. In contrast, the thin zinc oxide film doped with
3 wt% cadmium (Figure IV. 2(b)) exhibits a granular structure characterised by micropores.
These films have smooth, uniform shapes and sizes, with small spherical particles and high
density, resulting in an average particle size of 32.005 nm and a porosity of 8.116%. In materials
science, low porosity is a critical attribute signifying the existence of voids or microscopic
cavities within a material. It is crucial in numerous scientific and technological domains, since
it affects the characteristics and behavior of materials [147]. A high atomic packing factor
signifies that atom in the crystal structure are closely packed, resulting in increased overall
material density. Crystals possessing elevated APF values typically demonstrate improved
mechanical strength and less porosity [ 142]. A decrease in porosity indicates a reduction in void
volume and an increase in density; therefore, the atomic packing factor (APF) has an inverse
effect on porosity. The X-ray analysis indicates that the APF values are elevated in Cd-doped
ZnO films compared to pure ZnO, while the FESEM reveals a decrease in porosity in Cd-doped
ZnO films relative to pure ZnO. This is attributed to a reduction in grain size, as observed
through FESEM, and crystallite size, as determined by XRD analysis, resulting from the
incorporation of Cd atoms into the ZnO lattice [126].

Table IV.2: The Grain size, and porosity of the samples were calculated using ImageJ software based on FESEM

images.
Samples ZnO 3% Cd-ZnO 7% Cd-ZnO  10% Cd-ZnO
Grain size (nm) 74.618 32.005 43.531 55.420
Porosity (%) 26.178 8.116 15.113 18.364
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Figure IV.2: SEM images of (a) ZnO, (b) 3% Cd-ZnO, (¢) 7% Cd-ZnO, (d), 10% Cd-ZnO thin films.
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Figure I'V. 3 shows EDAX spectra of samples at the following concentrations: (a) 0 wt.% Cd,
(b) 3 wt.% Cd, (c) 7 wt.% Cd, and (d) 10 wt.% Cd-doped ZnO thin films at ambient temperature.
EDAX patterns in Figure ['V.3 (a-d) for pure and Cd-doped ZnO revealed the exclusive presence
of Zn, O, and Cd in the film, hence confirming the purity of the dip-coating-deposited film;
these results illustrate the integration of Cd into the ZnO wurtzite structure. The atomic
percentages of cadmium before activation do not align with the elemental composition seen
after activation, as demonstrated in Figure [V. 3, this inconsistency may be attributed to
cadmium’s larger ionic radius (95 pm) compared to zinc (74 pm) [ 148]. The pure ZnO sample,
seen in Figure V. 3(a), consists predominantly of zinc (70.54% wt) and oxygen (29.46% wt).
The Cd—ZnO 3% sample, as illustrated in Figure V. 3(b), consists principally of zinc (43.05%
wt), oxygen (55.77% wt), and cadmium (1.18% wt). For Cd—ZnO 7%: Figure I'V. 3(c) indicates
that the sample primarily consists of zinc (44.61% wt), oxygen (53.75% wt), and cadmium
(1.64% wt). For Cd—ZnO 10%: Figure IV. 3(d) indicates that the sample basically consists of
zinc (45.86% wt), oxygen (52.18% wt), and cadmium (1.97% wt).

(a) = (b |
2 Element Weight % 1 E'Z":"‘ Wes'g;‘;%
g 0K 2046 :
& CdL 118
37 ZnK 04 ZnK 4305
-
g . )

(C) Element Weight % [ (d) Element Weight %
2 oK 53.75 o | 0K 52.18
g cdL 164 “ |, CdL 197
_‘%ﬁ ‘ ZnK 4461 ZnK 45.86
g |
g s : “ '

L PRS- WIS N R X .iq.,--_.:x,. A
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Figure IV.3: The EDS images of as-deposited layers (a) ZnO, (b) 3% Cd-ZnO, (¢) 7% Cd-ZnO, and (d) 10%
Cd-ZnO.
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IV.3.3 Topographical analysis (AFM)

The topographical images of pure and Cd-doped ZnO thin films, obtained across an area of 1 x
I um? via AFM, are displayed in Figure [V.4(a—d) for 2D and in Figure IV. 5(a—d) for 3D
representations. The root mean square (RMS) roughness values for the pure ZnO and Cd-doped
ZnO films (3% wt, 7% wt, and 10% wt) are 143.72 nm, 125.9 nm, 194 nm, and 160.6 nm,
respectively. The surface roughness (RMS) varied among the films with and without cadmium
incorporation, with the 3% Cd-ZnO sample demonstrating the lowest RMS. In addition, the
picture of 3% Cd-doped ZnO illustrates that the topological surface parameters derived from
AFM correspond with those obtained from FESEM [149]. The RMS value signifies that the
sample surface possesses a higher quantity of spaces capable of housing atoms, nuclei, or
particles, thereby underscoring the significance of porosity (demonstrated in FESEM) and low
APF (evidenced in XRD) [150]. The topography in Figure V. 4(b) exhibits greater density
compared to Figure IV. 4(a, ¢, d), resulting in elevated surface area values of 14.31 um? (b),
8.352 um? (a), 6.565 um? (¢) and 5.242 um? (d). The 3% Cd-doped ZnO shows uniformity,
minimal grain size, and a tightly packed surface, while the undoped ZnO, along with the 7%
and 10% wt Cd-doped ZnO films, demonstrates greater grain sizes and less dense surfaces. 3%
Cadmium-doped ZnO demonstrated a more uniform surface with a root mean square roughness
of 125.9 nm. A smooth surface facilitates the adsorption of organic compounds, thus enhancing
photocatalytic uses [ 149].

Table IV.3: Root mean square roughness, mean roughness, and surface area of the samples were calculated using

Gwyddion software based on AFM images.

Samples ZnO 3% Cd-ZnO 7% Cd-ZnO 10% Cd-ZnO
root mean square roughness (nm) 143.72 125.9 194 160.6
Mean roughness (nm) 114.6 98.6 159.3 124.1
Surface area (um?) 8.352 14.31 6.565 5.242
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Figure IV.5: 3D AFM images of (a) ZnO, (b) 3% Cd-ZnO, (¢) 7% Cd-ZnO, and (d) 10% Cd-ZnO thin films.
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IV.3.4 Optical analysis

The optical properties, including transmittance, refractive index, extinction coefficient, and
band gap energy spectra of ZnO and Cd-ZnO thin films within the wavelength range of 200—
3200 nm, are given in Figures IV. 6,7, 8 and Table IV.4. The transmittance of the films
increases with the incorporation of cadmium (Figures [V. 6). Compared to the pure zinc oxide
film, the transmittance of Cd-doped zinc oxide was seen to rise within the ranges of 200 to 760
nm and 1050 to 3200 nm, whereas it decreased between 760 and 1050 nm for samples
containing 3% and 7% wt. The mean optical transmittance of undoped ZnO is approximately
66.55%, but for Cd-doped ZnO at 3% wt, 7% wt, and 10% wt, the values are 73.02%, 73.75%,
and 74.92%, respectively. As previously mentioned, Cd doping may introduce structural defects
in the films and lead to the formation of smoother and denser grain boundaries, hence
diminishing surface roughness, which can influence an increase of light scattering on the

surface [71] .
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Figure IV. 6: Transmission spectra as a function of the wavelength and photon energy

for all deposited films.

Figure IV. 7 shows the fluctuation of refractive index with wavelength for pure and Cd-doped

zinc oxide thin films at different Cd*" concentrations (x = 0.0, 0.03, 0.07, and 0.1). Our results
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demonstrate that an increase in the percentage of Cd doping correlates with a decrease in
refractive index values and an increase in transmittance values, with averages of 2.239
(66.55%), 2.263 (73.02%), 2.257 (73.75%), and 2.249 (74.92%) for pure zinc oxide, zinc oxide
doped with 3%, zinc oxide doped with 7%, and zinc oxide doped with 10%, respectively (Table
1V.4). Low refractive index values signify less crystallinity and hence heightened density, the
transmittance rises, but the refractive index diminishes due to the integration of Cd** ions into

the ZnO lattice, and vice versa [151], [152].
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Figure IV. 7: Refractive index spectra as a function of the wavelength for all deposited films.

Eg denotes the optical band gap, and the exponent m typically varies according to the type of
transition, with m being 2 for an indirect band gap material like ZnO, as stipulated by Tauc’s
model [153]. Figure IV.8 (a, b) and Table IV.4 depicts the fluctuation in Eg values for each
sample. The bandgap energy (Eg) for undoped ZnO thin films is 3.32 eV; however, for samples
with 3%, 7%, and 10% Cd-doping, the Eg values are reduced to 3.21 eV, 3.23 eV, and 3.24 eV,
respectively. The reduction of the band gap may result from changes in the crystal lattice, ionic
distances, particle sizes, and the morphology of deposited coatings, which can be ascribed to
increased tensile stress due to the incorporation of impurities [31], [112]. Additionally, these

values indicate that the wavelengths required to move electrons from the valence band to the
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conduction band are in the ultraviolet range [22], [ 154], furthermore, a smaller crystallite size

correlates with a reduced bandgap, indicating that doping with Cd necessitates less energy to

excite the electrons [First IE: ionization energy (Ips: Ionization potentials) IEcq/ [Ezno about

9.081eV/9.31 eV] [22]. [155] .

Table IV.4: The gap energy, average refractive index (derived from the curve), refractive index computed via the

Hervé-Vandamme model, and sample thickness were assessed using UV-visible spectroscopy measurements.

Samples ZnO 3% Cd-ZnO 7% Cd-ZnO 10% Cd-ZnO
Gap energy (eV) 3.32 3.21 3.23 3.24
Mean refractive index (curve) 1.648 1.701 1.665 1.675
Refractive index (Herve-Vandamme) 2.239  2.263 2.257 2.249
Thickness (nm) 167 114 220 235
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Figure IV. 8: (a), and (b) Energy gap values of the prepared samples Cd-ZnO.

IV.4 Photocatalytic activity study

After the examination of the structural, morphological, and optical properties of pure ZnO and

Cd-doped ZnO films, we now assess their photocatalytic efficacy under natural sunlight

exposure. Following to the previously established protocol.
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IV4.1 Photodegradation of MB

The photocatalytic activity of Zn; xCdxO thin films (0, 3, 7 and 10 wt.%) was evaluated using
an aqueous solution of methylene blue as the organic pollutant, where the initial MB

concentration was 5 ppm under solar irradiation for 120 minutes.

Figure IV. 9(a-d) presents the optical adsorption spectra of the MB solution in the presence of
photocatalysts under sunlight illumination at varying exposure durations for pure ZnO and
CdZO films. As the irradiation duration grew, the absorbance reduced, thereby confirming that
the active films effectively degraded the solution. Figure I'V. 10 presents the results of MB
photodegradation effectiveness assessments as a function of sunlight exposure duration,
indicating that Cd-doped ZnO thin films displayed a superior MB degradation rate compared
to pristine ZnO. Table V.5 presents performance values, proving that dye degradation with the
different photocatalysts is practically complete after 120 minutes of direct solar light exposure.
A significant decrease in MB content and an improvement in photocatalytic performance was
observed in Cd-doped ZnO thin films compared to pure ZnO. After 120 min a decomposition
of 82.21% of MB was observed in the presence of pure ZnO. Upon the introduction of Cd in
varied concentrations (3 wt%, 7 wt.%, and 10 wt.%), a notable enhancement in the degradation
rate was seen, yielding rates of 98.35%, 93.12%, and 91.06%, respectively. The rate constant
values for the first-order reaction k to Cd-ZnO thin films (0 wt., 3% wt., 7% wt, and 10% wt)
were 0.0112 min™', 0.0269 min*, 0.0177 min™', and 0.0159 min™, respectively (Figure [V.11).
An uneven fluctuation of the kinetic constant with Cd weight concentrations is observed. The
optimal value is achieved with sheets containing 3% Cd-ZnO. The reduction of the band gap
and higher surface area in Cd-doped ZnO thin films promote electron-hole separation, hence
preventing recombination and enhancing photocatalytic reaction efficiency [156], FESEM and
AFM investigations demonstrate that increased surface areas enhance photocatalytic activity
[31]. additionally, the enhancement in the breakdown of MB can be ascribed to Cd's role as an
active element and an effective catalyst in photocatalytic applications. Moreover, the reduction
in the energy gap amplifies the pairs (electrons/holes) accountable for discolouration, resulting
in the generation of a substantial quantity of superoxide radicals (*O2") and hydroxyl radicals

(*OH), respectively [31].
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Table IV.5: Kinetic parameters for each catalyst, both undoped and cadmium-doped ZnO.

Samples k (min_l) D (0/0) E R?
Pure ZnO 0.0112 82.21 0.0012 0.929
3% Cd-ZnO 0.026 98.35 0.0037 0.89
7% Cd-ZnO 0.0177 93.12 0.0013 0.966
10% Cd-ZnO 0.0159 91.06 0.0013 0.959
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Figure IV. 9: MB absorbance at different time intervals in the presence of ZnO, and Cd-doped ZnO catalysts

under sunlight irradiation.
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Figure IV. 10: Photocatalytic efficiency of pure and Cd-doped ZnO of MB

as a function of time under sunlight exposure.
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Figure IV. 11: Photocatalytic dye degradation kinetics of the prepared pure and Cd-doped ZnO
thin films.
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IV.4.2 Mechanism of photodegradation behaviour

Figure I'V. 12 illustrates the suggested method for degrading the organic-coloured compound
MB using the pristine ZnO and Cd-doped ZnO thin films. Upon exposure to solar light with
energy equivalent to or beyond its bandgap (Ewv > Eg), a valence band electron in a
photocatalyst becomes excited, transitions to the conduction band, and generates a hole. The
generated electron-hole pair may recombine without additional reaction or move to the
photocatalyst surface for the photocatalytic destruction of organic dyes. We seek to impede
electron-hole recombination to facilitate subsequent reactions. To accomplish this, ZnO and Cd-
ZnO thin layers are engineered to efficiently inhibit the recombination of photogenerated
electrons and holes by efficient separation. Photogenerated electrons migrate from the valence
band (VB) of the photocatalyst to its conduction band (CB), resulting in the formation of a
positively charged hole (h") in the VB. The catalyst, or photocatalyst, mitigates the
recombination of photogenerated holes (h") and electrons (e¢) by energising electrons to
elevated energy states. The oxidation and reduction reaction occurs on the photocatalyst
surface, where molecular oxygen is reduced to the superoxide radical ‘O (a free radical)
through the excitation of electrons. The hydroxyl ion is oxidized to the hydroxyl free radical
via a vacancy created upon electron excitation. Holes and electrons, the principal active species,
engage in redox processes, transforming O> and water/OH ions into ‘OH/O secondary active
species/free radicals, which subsequently breakdown into non-toxic free radicals [156], [157].
Photo-generated electrons are transported to the valence band (VB) and conduction band (CB).
The electrons interact with molecular oxygen to produce the less harmful superoxide anion
radical ('O2) through reductive mechanisms. The vacancy in the valence band may draw
electrons from hydroxyl ions or water, resulting in the formation of a highly reactive hydroxyl
radical ("OH) through an oxidative mechanism. The superoxide radical anions(*O2”) and the
hydroxyl radical ("OH) interact with electron—hole pairs, resulting in the formation of H-O:

[156].

The following equations give the degradation reactions of the dye in sunlight [31], [158]:

Cd-doped ZnO _Owe® |, Cd-doped ZnO (e~ (cB)+ h* (vm)) (IV.1)
h*+H,0 — H' + OH- (IV.2)
h*+ OH- — *OH (IV.3)
e+ 02— 0y (IV.4)
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‘0" + H+ — HOy* av.s)
2HO;* — H202 + O2 (IV.6)
H202 +°02- — OH™ +*OH + O2 (Iv.7)
H>O2 +e¢~ — OH™ +*OH (IV.8)
Dye + OH+ — dye decolorization (IV.9)
Dye +h'ys — dye oxidation (IV.10)
Dye + e'cs — dye reduction (IV.11)
MB + (*OH, *O;™ ) — H20+ CO; + Other products (IV.12)

The Butler and Ginley equations are employed to ascertain the EVB and ECB of a
semiconductor in its zero-charge state. The band gap energies (Eg) of pure ZnO and Cd-doped
ZnO thin films are detailed below: 3.32 eV for pure ZnO; 3.21 eV for 3% Cd-doped ZnO; 3.23
eV for 7% Cd-doped ZnO; and 3.24 eV for 10% Cd-doped ZnO. The conduction and valence
band values (ECB, EVB) for the samples are: (-0.26, 3.06), (-0.205, 3.005), (-0.215, 3.015),
and (-0.22, 3.02 eV) for pure ZnO and Cd-ZnO at 3, 7, and 10 wt %, respectively.

The addition of Cd reduces the band gap and alters the positions of the conduction and valence
band boundaries. Consequently, the effect of Cd enhanced the reducing characteristics in the
conduction band and the oxidising capabilities of holes in the valence band [31], [159]. The
degrading efficacy is intricately linked to the band gap properties of the photocatalyst.
Cadmium-doped zinc oxide demonstrates a decreased band gap energy of 3.21 eV in contrast
to pure zinc oxide, which has a band gap of 3.32 eV. The decrease in the band gap facilitates
improved electron excitation from the valence band to the conduction band upon irradiation.
As a result, the production of photo-induced charge carriers escalates, facilitating interactions
with adsorbed oxygen and water molecules to generate reactive free radicals. These reactive
species are essential in photocatalytic degradation, which points to the importance of band gap
regulation in enhancing the photocatalytic process [149]. Cadmium functions as an electron
trap, diminishing the recombination rate of electrons and holes, hence enhancing the availability

of charge carriers for photocatalytic processes [ 160].
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Figure IV. 12: Photocatalytic dye degradation mechanism of Cd-ZnO film.

IV.4.3 Trapping element study

The determination of the radical species responsible for dye discolouration can be efficiently
conducted using a scavenger or trapping agent investigation. This method entails the
incorporation of designated scavenger materials to sequester reactive radicals throughout the
photocatalytic degradation process; hence, it aids in the identification of the relevant species.
Diverse scavengers, including EDTA (ethylenediaminetetraacetic acid, disodium salt), CN
(cupric nitrate), AscA (L-ascorbic acid), and IPA (isopropyl alcohol), were used in the trapping
investigations of the primary reactive species. These scavengers were employed to capture holes
(h"), electrons (¢), superoxide ("O2), and hydroxyl radicals ("OH), respectively. Radical trapping
experiments were conducted to elucidate the photocatalytic mechanism and identify the
principal active species responsible for the degradation of methyl blue using Cd-doped ZnO
thin films under sunlight exposure. Figure I'V. 13 illustrates that a scavenger test was conducted

by observing the degradation of MB before and after two hours of sunlight exposure, both in
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the presence and absence of scavengers. The graph demonstrates that the incorporation of
EDTA, a hole (h") scavenger, resulted in a significant reduction in degradation efficiency,
decreasing it from 98.35% to 12.64%. This finding indicates that h" serve as the principal
oxidising agents in the system. The addition of IPA, a hydroxyl radical (*OH) scavenger,
markedly hindered the process, highlighting the secondary role of *OH. Under these conditions,
the pollutant degradation rate reached 38.29%. In contrast, the addition of AscA, a superoxide
radical anion (*O2) scavenger, showed a significant effect, with decomposition in the range of
46.87%. The incorporation of CN, an electron (e-) scavenger, exhibited a negligible impact.
The findings strongly support a mechanism whereby photogenerated electrons are captured by
Cd sites, which then react efficiently with adsorbed oxygen to generate "O: radicals. The
prolonged existence of the holes leads to a substantial production of ‘OH radicals, either from
direct water oxidation or the subsequent transformation of *O., which serve as the primary

catalysts for dye degradation [159] .
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Figure IV. 13: Degradation efficiency of MB over the 3% Cd-ZnO catalyst in the absence and

presence of different scavengers under sunlight irradiation.
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IV.4.4 Stability and reusability study

The potential for repeated use of the photocatalyst 3% Cd-doped ZnO thin film, as depicted in
Figure [V.14(a). The catalyst as a photocatalyst was assessed via photodegradation tests
targeting the degradation of methyl blue (MB) under suns for 120 minutes. In these tests,
consistent conditions (sample area of 2 cm x 2 ¢cm in a 10 ml solution with a pH of about 7.5
and a concentration of 2.5 x 10~ mol L-1 MB) were maintained during six cycles to decompose
MB. After each cycle, the catalyst was extracted and meticulously cleaned with distilled water

to eliminate any remaining colours and reaction byproducts before being dried for future reuse.

The results indicated that the catalyst maintained a high degree of photocatalytic efficacy
throughout the cycles (Figure 1V.14), with a slight decrease below 5%. The results demonstrate
that the catalyst exhibits excellent stability and reusability under the evaluated conditions. The
marginal decline in performance is ascribed to variables such as surface photo-corrosion,
surface pollution, minor structural alterations, or insufficient removal of residues during the
recovery process (Table IV.6) [161], [162]. In conclusion, these findings affirm that the Cd-
ZnO film is a viable and resilient photocatalyst for the recurrent degradation of dyes under solar

illumination.

Figure IV.14(b, c, d, e and 1) illustrates the XRD, FESEM, and EDX investigations of 3 wt%
Cd-doped ZnO, both prior to and following six regeneration cycles. X-ray diffraction (XRD)
images demonstrate that the crystal structure remained invariant. Subsequent to the experiment,
the diffraction peaks exhibited diminished intensity and enhanced form, accompanied by the
emergence of novel peaks aligning with the ICDD ZnO pattern. This is ascribed to enhanced
crystallinity and the elimination of surface impurities during the process. No supplementary
peaks associated with secondary phases were seen, signifying that the material preserved its
structural integrity (Figure [V.14(a, b)). Figure IV.14.(c. d) illustrates that the catalyst's
morphology remains fundamentally unaltered in both form and particle size after six
consecutive cycles, hence affirming its exceptional stability. Figure IV.14(e. f) EDS revealed
little variations in the composition of the 3 wt% doped-ZnO, with O and Cd increasing slightly
from 55.77% to 57.21% and from 1.18% to 1.93%, respectively, while Zn declined from
43.05% to 40.86%, indicating that the films predominantly maintain their composition.
Ultimately, the results indicate the strong stability of the catalysts and confirm that no

photocorrosion transpired during the photocatalytic performance.
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Table IV. 6: Reusability of the catalyst, reaction time, and degradation efficiency (D) of methylene blue for 3%

Cd-doped ZnO at 120 min

No. of cycles 1 2 3 4 5 6
D (%) 98.35 96.12 97.78 97.88 96.95 95.52
K (min™) 0.63 0.67 0.68 0.69 0.64 0.67
R? 0.89 0.90 0.92 0.93 0.89 0.91
? 1 2i—o— Ji=—t—g: o5 6
100
- Y
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Figure IV. 14: Photocatalytic test of reusability of the 3% Cd-ZnO thin film for MB dye under  sunlight: (a)

Degradation efficiency; (b) DRX prior to and subsequent to the 6th cycle; (c¢) SEM-FEG preceding and (d)
following the study; (e) and (f) EDX before and after the test reusability, respectively.

104



Chapter IV  Synthesis and Characterisations of pristine ZnO and cadmium-modified Zinc
oxide thin layers for optoelectronic and environmental applications

IV.S Photodetection investigation

The pure and cadmium-doped ZnO thin film samples were analysed for photocurrent under
dark conditions and UV illumination at a wavelength of 365 nm with a power intensity of 90
mW/cm?. The sample had an area of 1.5 x 2 ¢cm?, and the corresponding photocurrent was
documented using a source meter connected via copper electrodes, as shown in the schematic
design in Figure IV.15. Figure I'V. 16(a-b) shows the I-V curves for Cd-doped ZnO and pure
Zn0 in the dark and under UV illumination. The ohmic characteristics of the manufactured

devices are displayed in the linear voltage (V) vs. current (i) graph.

Figure IV. 15: Schematic for a fabricated photodetector device.

The sensitivity of a photodetector is defined by the fluctuation of its electrical signal in response
to illumination. Under a bias voltage of 5 V and at ambient temperature, the currents recorded
under UV irradiation for pure ZnO and samples doped with 3%, 7%, and 10% wt of cadmium
were 6.96 nA, 12.46 nA, 9.46 nA, and 12.86 nA, respectively. The respective dark currents were
6.43 nA, 7.96 nA, 7.023 nA, and 7.56 nA (Table 1V.7).

The photodetection efficacy of the cadmium-doped ZnO-based photodetector, particularly its
sensitivity (S), responsiveness (R), and detectivity (D), was ascertained from the obtained

current-voltage (I-V) curves. Table 7 illustrates the corresponding values for each sample.

The sensitivity of a photodetector denotes its capacity to transform incident light into a
quantifiable electrical signal. The computed values for pure and cadmium-doped ZnO samples

(3%, 7%, and 10%) are 1.06, 1.57, 1.35, and 1.57, respectively.
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The responsiveness of a photodetector indicates its capacity to effectively transform incident
radiation into a quantifiable electrical signal. The sensitivity of the pure ZnO film was measured
at 25.79 nA/W. The value climbs to 46.14 nA/W for the sample doped with 3% cadmium,
subsequently lowers to 35.03 nA/W for the film doped with 7% cadmium, and then rises to
43.92 nA/W for the sample with 10% cadmium.

The detectivity of a photodetector signifies its capacity to identify minimal optical powers. The
detectivity values for pure ZnO and samples doped with 3%, 7%, and 10% Cd are 9.85 x 10°,
15.34 x 10°,12.8 x 10°, and 15.47 % 10° Jones, respectively.

Cd-ZnO-based photodetectors doped with 3% and10% exhibit enhanced performance, marked
by elevated detectivity, responsiveness, and sensitivity. This enhancement is associated with

augmented generation and effective separation of charge carriers under ultraviolet irradiation.

This resistance increases in direct proportion to the number of free electrons and, consequently,
the concentration of holes associated with oxygen ions. Cadmium doping improves device
performance by reducing the sample's resistivity and increasing charge carrier density. [70],

[137], [138], [139].

Table IV.7: Photocurrent performance of pure and cadmium-doped ZnO thin films measured at 5 volts.

Samples S R D x103
Cd (%) (nA/W) (Jones)
0 1.06 25.79 9.85

3 1.57 46.14 15.84
7 1.35 35.03 12.8
10 1.57 43.92 15.46
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Figure IV. 16: Current measured as a function of voltage in darkness mode and under UV light for (a) pure ZnO,

(b) 3% Cd-doped ZnO, (¢) 7% Cd-doped ZnO and (d) 10% Cd-doped ZnO thin films.
P

IV.6 Conclusion

On to glass substrates via the dip-coating process. The synthesised materials were characterised
using multiple techniques, including X-ray diffraction (XRD), energy-dispersive spectroscopy
(EDS), scanning electron microscopy (FESEM), atomic force microscopy (AFM), and
ultraviolet-visible spectroscopy (UV-VIS). His study involved the deposition of pristine and
Cd-doped ZnO thin films. The deposited thin films were employed as photocatalysts for the
degradation of methylene blue under solar radiation. Compared to pristine ZnO, Cd-doped ZnO
films exhibited superior photocatalytic activity. Under sunlight exposure, the 3% Cd-doped
ZnO sample achieved the highest photocatalytic performance, with efficiencies of 98.35% after
120 minutes. The active species trapping experiments confirmed that h+ and *OH play crucial
roles in the photocatalytic degradation of MB. Moreover, reusability tests validated the stability
and reliability of the film after six consecutive cycles. Further investigation is warranted for
this thin film, as it holds a potential as an eco-friendly photocatalyst for a broader range of

pollutants; therefore, we suggest that cadmium doping is an effective method to enhance the
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photocatalytic capabilities of ZnO thin films for environmental applications. Examination of
photodetection metrics (sensitivity, responsiveness, and detectivity) indicates that ZnO films

doped with 3% and 10% cadmium demonstrate enhanced performance relative to other

samples.
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General conclusion and future works
This work seeks to create high-performance transparent conductive oxide thin films by
evaluating the impacts of doping zinc oxide with non-metal (sulfur) and metal (cadmium). The
physical attributes and photocatalytic properties of these specimens have been examined.
Subsequently, a little component was incorporated into the conclusion of this investigation,
specifically a photodetection application. This study synthesized virgin ZnO and ZnO modified
with sulfur and cadmium thin films using a simple and cost-effective dip coating process, and
examined their structural, morphological, optical, photocatalytic, and photocurrent properties.
The films were evaluated using XRD, FESEM, EDS (EDX), AFM, and UV-vis

spectrophotometry to evaluate their structural, morphological, and optical features.

The paper presents the development of pure ZnO, S-doped ZnO, and Cd-doped ZnO thin films
fabricated using the sol-gel dip coating technique. X-ray diffraction analysis verified the
formation of zinc oxide (ZnO) crystals and sulfur and cadmium-modified zinc oxide as thin-
film phases in the fabricated film system. This signifies that all films possess a hexagonal
wurtzite structure and demonstrate a preferred orientation along the (002) plane of zinc oxide.
SEM morphological examinations have revealed a high level of homogeneity in the produced
films. The thin film samples exhibit nanostructures characterised by minimal size dispersion,
spherical morphology, and an exceptionally high density. The 2 wt% sulfur-doped thin film
exhibits wrinkles and diminutive spherical particles, with an average grain size of 174.225 nm
and a porosity of 15.162%; these wrinkles are linked. The creases expanded the film's surface
area beyond early projections, possibly augmenting catalytic activity. In contrast, zinc oxide
doped with 3 wt% cadmium showed very small particles and high density, potentially
enhancing catalytic activity. EDS verifies the presence of the deposited element peaks (Zn, O,
S, and Cd) in this study, which were distinctly observable. According to AFM analysis, for S-
doped ZnO on the substrate surface, the grains are evenly distributed in all of the films. One of
the various features of the ZnO thin film is its rough surface, which is caused by internal strain
and the lattice mismatch that forms within them. Consequently, the active surface area grows
and becomes more capable of absorbing light, while the 3% cadmium-doped zinc oxide displays
a smooth, homogeneous, and dense surface characterised by diminished root-mean-square
roughness, resulting in enhanced charge mobility and decreased recombination. Optical tests
show that adding sulphur to zinc oxide slightly reduces the average light transmittance and
lowers the energy gap. In contrast, adding cadmium improves light transmittance and also

lowers the energy gap.
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The concluding section described the photocatalytic degradation of methylene blue dye using
both pure oxides and doped thin films. Cadmium-doped zinc oxide demonstrated high
photocatalytic activity, achieving 98.35% degradation of methylene blue within 120 minutes
under sunlight, while sulphur-doped zinc oxide showed significant pollutant degradation,
reaching 96.71% within 90 minutes under direct sunlight and 94.69% within 50 minutes under
UV light. Over six consecutive cycles, the doped thin films exhibited remarkable reusability
and high photostability, making them an attractive option for organic pollutant removal in
wastewater treatment.

Doped thin films demonstrate enhanced sensitivity in ultraviolet photodetection relative to
undoped zinc oxide. Cadmium-doped zinc oxide exhibits enhanced performance relative to

sulphur-doped zinc oxide.

This thesis presents a cost-efficient method for producing doped thin films, designed to expand
absorption bands while preserving stable photocatalytic characteristics, specifically for water

treatment applications utilising sunlight.
According to the results of this study, the following future studies are suggested:

v' More extensive characterizations are necessary such us Raman spectroscopy,

measurements of Hall effect, XPS.
v' Testing other types of pollutants such as: pesticides, antibiotics, etc.

v" Studying another application of the deposited films in, gas sensing and antibacterial,

etc.
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