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General Introduction

General Introduction

Zinc oxide (ZnO) has attracted considerable attention in multidisciplinary research
owing to its biocompatibility and non-toxic characteristics. This versatile material finds
extensive applications in diverse industrial sectors including rubber manufacturing, ceramic
production, specialty chemicals, optical glass fabrication, and pharmaceutical formulations. In
the field of electronics, ZnO shows excellent electrical and optical properties, and its large
bandgap (3.37 eV) makes it ideal for optoelectronic applications like transparent electrodes,
UV detectors, and laser diodes. The remarkable thermal and chemical stability of this
transition metal oxide further expands its utility in light-emitting diodes, chemical sensors,
photocatalytic systems, and radiation detectors, establishing its importance in both

commercial and environmental technologies [1, 2].

As an n-type semiconductor, ZnO possesses unique electronic properties that have
motivated extensive research [3]. Various deposition methods have been developed for ZnO
thin film fabrication, including the sol-gel process [4], chemical vapor deposition [5], spray

pyrolysis [6], and several vapor-phase deposition approaches [7].

Among these techniques, spray pyrolysis offers distinct advantages for industrial-scale
production due to its operational simplicity, cost-effectiveness, and environmental
friendliness. This solution-based method enables uniform large-area coatings while generating

minimal waste, making it particularly suitable for commercial applications [3].

In this study, thin films of zinc oxide (ZnO) were prepared using the spray pyrolysis
technique with the addition of aluminum and gallium as dopants. The effect of these dopants

on the structural, optical, and electrical properties of the films was investigated.
This work is divided into three main chapters:

% Chapter I : This chapter discusses the general definitions and fundamental concepts
of transparent and conductive oxides, in addition to their most important electrical and
optical properties. It also includes a comprehensive study of zinc oxide, which is the

main subject of this research, where its structural, electrical, optical, and electronic
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properties are identified. The chapter concludes with an overview of some potential
applications of zinc oxide in various fields.

¢ Chapter II: This chapter discusses the definitions and concepts related to thin film
preparation methods, as well as the characterization techniques used in the deposition
process of these films.

¢ Chapter III: This chapter focuses on the experimental work conducted at the
Laboratory of Thin Film Physics and Applications at the University of Biskra. It
describes the properties of the equipment used in the deposition process, the procedure
followed for selecting and cleaning the substrate, and the experimental conditions
adopted. At the end of the chapter, the different results obtained are reviewed,
compared with previous studies, and attempts are made to interpret these results.

< General Conclusion: The work concludes with a comprehensive review of the main

results obtained during the research.
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Introduction:

In this chapter, we provide a general definition of transparent conducting oxides
(TCOs) and their key properties regarding conductivity and transparency. We then focus on

zinc oxide (ZnO) as one of the most important and widely used TCOs in modern applications.

I.1. Transparent conducting oxides (TCO):

I.1.1.Definition:
Transparent conducting oxides (TCOs) are materials that exhibit electrical conductivity
while maintaining relatively low absorption of electromagnetic radiation in the visible

spectrum [1].

A high-quality TCO combines excellent electrical conductivity with minimal visible
light absorption. These properties are largely influenced by the thickness of the deposited
layer, as both conductivity and transparency depend on the grain size, which typically
increases with film thickness. The most commonly used TCOs include oxides of indium,
cadmium, tin, zinc, and gallium.

TCOs are often doped with metals; however, the dopant is only effective when it
substitutes the host metal atom in the crystal lattice. This substitution affects the conduction
band structure. Each dopant atom acts as a scattering center for conduction electrons, which
can increase carrier mobility locally but generally results in a reduction in overall
conductivity. To mitigate this effect, some TCOs are doped with fluorine, which improves
carrier concentration and reduces resistivity. Additionally, oxygen content plays a key role in
modifying the valence band structure, oxygen vacancies can reduce electron scattering and

thereby enhance electrical conductivity [2].

I.1.2.Properties of Transparent Conducting Oxides (TCOs):
1.1.2.1.0ptical Properties of TCOs:

A key feature of transparent conducting oxides is their optical window that spans the
entire visible spectrum. Optical transmittance is defined as the ratio of the intensity of
transmitted light to the intensity of incident light on the material. The absorption spectrum can

be derived from both the transmission and reflection spectra [3].
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The optical transparency of TCOs is primarily defined by their transmittance, which

refers to the percentage of visible light that passes through the material. Both p-type and n-
type

TCOs exhibit high optical transparency, typically above 80% for p-type and over 90% for n-
type at a wavelength of 550 nm.

This high transparency is due to the wide band gap of these materials, which prevents
them from absorbing visible light. Through doping or alloying, the band gap can be adjusted
to fine-tune optical transparency in the near-infrared (NIR) or ultraviolet (UV) spectral

regions [4].
I.1.2.2.Electrical properties:

The electrical behavior of TCOs is well described by the physics of wide optical band
gap semiconductors. The electrical conductivity o, expressed in S - cm™ (or 271 - cm[1Y), is
defined as the product of the charge carrier density n, (in cm™ ?), the carrier mobility u (in
cm?- V™. s71), and the elementary charge of the electron g, as described by the following

equation (1):

C=(q.Ny. U (L1)

Electrical resistivity p, on the other hand, is defined as the inverse of conductivity and is

expressed in 2 - cm:

(1.2)

©
I
Qe

1.1.2.Zinc oxide:

Zinc oxide (ZnO) is a [I-VI semiconductor with remarkable properties. It is a highly
promising material for the development of novel materials in the fields of renewable energy
and environmental applications [S]. ZnO exhibits a high exciton binding energy of 60 meV
and possesses intrinsic n-type conductivity. Furthermore, it is environmentally non-toxic and

abundantly available in nature, which makes it a cost-effective material [6].
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In nature, ZnO occurs as the mineral zincite, typically found in the Earth's crust
(Figure.I.1). However, for most technological uses, ZnO must be produced synthetically to

meet specific application requirements [7].

Figure( I.1) : Photographs of an orange zincite crystal[7.8].

I.2.1. Zinc Oxide Properties

1.2.1.1.Crystallographic Properties

Zinc oxide (ZnO), a [I-VI compound semiconductor, exhibits a degree of ionicity that
lies at the boundary between covalent and ionic semiconductors. The crystal structures of
Zn0O include wurtzite (B4), zinc blende (B3), and rocksalt (B1) phases, as illustrated in
(Figure 1.2). B1, B3, and B4 are structural designations used in the crystal structure

classification system to describe these three crystallographic phases.

Under ambient conditions, the thermodynamically stable phase of ZnO is the wurtzite
structure. The zinc blende structure can only be stabilized when ZnO is grown on cubic

substrates [9].
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Figure ( L.2) : Schematic representation of the three crystallographic structures of ZnO. The

small spheres represent oxygen atoms, and the large spheres represent zinc atoms [10].

The crystal structure of ZnO is characterized by the following lattice parameters:

e a=b=32524A
e c=5219A

Zinc and oxygen atoms occupy the special Wyckoff 2b positions in the P6['mc space group.
Specifically, their fractional coordinates are:

e Zn:0,0,0;1/3,2/3,1/2

e 0:0,0,u; 1/3,2/3, u+1/2, with u=0.375

Each zinc atom is coordinated by four oxygen atoms located at the corners of a
tetrahedron. However, the zinc atom is not located exactly at the center of the tetrahedron; it
is displaced by 0.11 A along the c-axis.

This structural feature allows ZnO molecules to retain a certain degree of individuality,
contrary to the behavior typically expected in a purely ionic crystal. This phenomenon arises
from the presence of homopolar ZnO bonds [11]. The (Figure 1.3) below provides a visual

representation of this distinctive structural configuration.
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Figure ( 1.3) : Wurtzite hexagonal crystal structure of zinc oxide[12].

I.2.1.2.Electrical Properties:

Zinc oxide (ZnO) is a semiconductor, photoconductor, and piezoelectric material, which
can also function as an optical waveguide. It has a wide bandgap of approximately 3.3 eV and
exhibits a high transmission coefficient of around 90% in the visible spectrum. The bandgap
value can vary between 3.30 eV and 3.39 eV, depending on the preparation method and

doping level [13].

The intrinsic n-type conductivity of undoped ZnO is primarily attributed to native
defects such as oxygen vacancies (V,) or zinc interstitials (Zn;). However, for device
integration and performance optimization, ZnQO's electrical behavior is frequently tailored
through intentional doping, which significantly modifies carrier concentration, mobility, and

resistivity [14].
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1.2.1.3.0ptical properties:

The optical properties of materials are explained by the interaction between light,
represented as an electromagnetic wave, and the electrons within the material. When applying
dispersion theory to materials, it is essential to distinguish between two main types of
absorption: fundamental absorption and free carrier absorption. If only fundamental
absorption is present, the material is classified as a dielectric. However, if free carrier
absorption is also present, the material is considered metallic or semiconducting. In
semiconductors such as zinc oxide (ZnO), both fundamental and free carrier absorption play
important roles. Fundamental absorption is related to electron transitions between energy
bands (from the valence band to the conduction band) and accounts for absorption in the
ultraviolet (UV) range, while free carrier absorption is observed in the infrared (IR) region

and is linked to plasma oscillations of conduction electrons.

A semiconductor completely absorbs light when the photon energy is sufficient to
transfer electrons from the valence band to the conduction band, meaning when the photon

energy equals or exceeds the band gap energy.

For ZnO, the refractive index in its bulk form is approximately 2.0, but this value varies
in thin films, ranging from 1.7 to 2.2 depending on the preparation methods and conditions.
Improving the stoichiometry of ZnO positively affects its optical properties by reducing the
absorption coefficient and increasing the band gap energy, reflecting better film quality and

enhanced optical characteristics.

When ZnO is exposed to electromagnetic radiation with energy exceeding the band gap
(greater than 3.37 eV), it emits photons through a process called photoluminescence. The
emission spectra vary depending on synthesis and treatment methods, which influence the
type and concentration of crystalline defects. In ZnO thin films, visible emissions mainly
originate from crystal defects such as zinc interstitials and oxygen vacancies, which create

deep energy levels within the band gap contributing to the luminescence [15].
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1.2.1.4.Electronic Properties and Band Structure

The band structure of ZnO is presented in the first Brillouin zone. Both the
maximum of the valence band and the minimum of the conduction band occur at the same

point I" (k=0), indicating that ZnO is a direct band gap semiconductor (see Figure 1.5).

The bottom of the conduction band is primarily formed by the 4s level of Zn, while

the top of the valence band is formed by the 2p level of O.

Experimentally, the valence band is split into three sub-bands [16].

R
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Figure( 1.4) : Electronic band structure of ZnO[17].

The band gap energy (E,;) of ZnO is approximately 3.37 eV at 300 K, resulting in an
absorption threshold in the near-ultraviolet region at a wavelength of around 380 nm. This
band gap is the key factor in the optical and electronic properties of ZnO, as it determines the

amount of energy required to excite an electron from the valence band to the conduction band
[18].

1.2.2. ZnO Advantages and Selection Criteria:

Most of the recent research on ZnO materials has focused on their potential for future

10
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applications in UV-blue light-emitting devices (LEDs) and UV-blue lasers

The most notable advantages of ZnO can be summarized as follows:

1. High Exciton Binding Energy: ZnO exhibits an exceptionally large exciton
binding energy of 60 meV, significantly higher than the thermal energy at room
temperature (~26 meV). This key characteristic enables the operation of UV
laser diodes and other exciton-based light-emitting devices at room temperature.

2. High Optical Transparency: ZnO demonstrates excellent transparency in the
visible and near-infrared spectral regions.

3. High Structural Hardness: As one of the hardest materials among II-VI
compound semiconductors, ZnO possesses a high melting point and strong
cohesive energy. This reduces material degradation caused by dislocation
formation during device operation.

4. Low Cost and Environmental Friendliness: ZnO is cost-effective, non-toxic,
and abundantly available in the Earth's crust.

5. Favorable Growth Conditions: The interfacial energy between ZnO and
substrates such as sapphire or other oxides promotes two-dimensional growth,
leading to high-quality films even at lower temperatures.

6. High Dopability and Low Resistivity: ZnO can be heavily doped to achieve
free electron densities exceeding n > 1020cm=3, resulting in low resistivity
(<10-3Q-cm).

7. Strong Electrical Contact: ZnO provides good electrical contact with
active semiconductor absorber layers.

8. Large-Area Deposition Capability: ZnO can be deposited over large areas
(>1 m?) using techniques such as magnetron sputtering.

9. Low-Temperature Fabrication: ZnO films with desirable properties can be

produced at relatively low substrate temperatures [1].

1.2.3. Doping of ZnO:

Doping refers to the deliberate incorporation of foreign atoms into the ZnO
crystal lattice to alter its electrical, optical, or magnetic behavior. Depending on the

substitution site and the type of dopant, doping in ZnO can be divided into:
11
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a) Cationic Doping
Substitution occurs at Zn** sites using elements such as AI** , Ga*" |, In*" , Cd** , Cu" ,
or transition metals like Fe, Co, Mn, and Ni. These dopants act as electron donors or
magnetic centers, enhancing n-type conductivity or magnetic ordering.

b) Anionic Doping
Here, dopants such as N, S, F, As, or Br replace oxygen atoms. These are often used in
attempts to achieve p-type conductivity, though success is limited due to compensation
mechanisms.
Functional Classification:

a) Electronic Doping: To enhance electrical conductivity via n-type (electron

donors) or p-type (hole creators).

b) Functional Doping: To modify optical emission, band gap energy, or magnetic
response, €.g., in spintronics or UV emitters.These effects have been systematically studied
for a wide range of dopant elements. For example, the incorporation of aluminum has been
reported to increase the band gap of ZnO from 3.29 eV to 3.34 eV, resulting in a blue shift of
both the absorption edge and the UV—Vis emission peak. Additionally, the UV-to-green
emission ratio was observed to decrease following doping.Co-doping and alloying strategies
have also been explored to overcome p-type doping challenges, often arising from deep
acceptor levels, hydrogen contamination, and low solubility [19]. Table (I.1) summarizes

doped ZnO films, showing their visible range transmittance and lowest resistivity values:

12
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Table (I.1): Summary of different doped ZnO thin films as transparent conductors [20].

Dopant Methods Transmittance in Lowest References
visible range resistivity
Pulsed laser deposition [21,22]
(PLD)
Al Radio-frequency(RF) ~90% ~107*Qcm [23]
magnetron sputtering

sol-gel dip-coating [24]

Ga PLD ~85% ~1073Qcm [25]

chemical spray [26]
In chemical spray pyrolysis ~80% ~20 Qcm [27]
Plasma-assisted molecular [28]

beam epitaxy

N RF magnetron sputtering ~80% ~1072Qcm [29]
Solution processed [30]

1.2.4.Co-Doping of Zinc Oxide (ZnO):

Several techniques have been developed to enhance the optical and electrical
properties of ZnO-based transparent conducting oxides (TCOs). Among these, co-doping
with solute atoms has emerged as an effective method for improving the various
properties of ZnO in TCO applications. For example, ZnO thin films co-doped with
aluminum and indium (Al In) have demonstrated higher electrical conductivity compared
to films doped with aluminum alone. Additionally, co-doping with vanadium has

contributed to improving the thermal stability of these films.

In singly-doped ZnO, aluminum doping offers multiple advantages, including enhanced
conductivity, thermal stability, and chemical stability. Meanwhile, gallium-doped ZnO (Ga-
doped ZnO) exhibits excellent conductivity and high resistance to humidity. Therefore, co-
doping with both aluminum and gallium (Al, Ga) is considered a promising approach for

enhancing the overall performance of ZnO[31].

ZnO has also been co-doped with two different elements, such as magnesium and
aluminum (Mg-Al), manganese and sodium (Mn-Na), and cerium and manganese (Ce-
Mn)[32]. Table 1.2 summarizes the electrical and optical properties of ZnO thin films co-

doped with various elements.
13
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Table (I.2): Properties of ZnO Thin Films Doped with Different Elements

Co-Doping | Electrical Optical Band Gap | References
Elements | Resistivity p Transpare
(Q-cm) ncy (T) Eg (eV)
Al/ Gd 5.28x107* 88 % 3.30 [33]
AVF 4.1 x107* 80% 3.21 [34]
Al/B 321 x10° 2 >91.3% 3.28 — 3.32 | [35]
Al /Ga 1.621x10" * 80% 3.30 [36]

Lowest measured

Al/Ti 9.1x10" * 93% 3.28 [37]

1.2.5.Applications of Zinc Oxide:

Zinc oxide (ZnO) is a wide-bandgap semiconductor known for its excellent
transparency in both the visible and near-infrared regions of the electromagnetic spectrum. Its
unique combination of properties makes it highly suitable for a wide range of technological

applications.

> ZnO as a Gas Sensor

Metal oxide semiconductors such as ZnO, TiO2, and SnO2 are used in gas sensors
due to their advantages, including low cost, fast response time, wide detection range, long
operational life, and high sensitivity. ZnO-based sensors are fabricated in various forms,
such as single crystals, pressed pellets, and thin films.

The gas sensing mechanism relies on electron trapping at adsorbed molecules and the
resulting band bending, which alters conductivity. Oxygen adsorption extracts electrons,
forming ions like O2~, O-, and O—2 leading to band bending and an electron-depleted region.
When the sensor is exposed to a gas containing CO, CO reacts with the adsorbed
oxygen, releasing electrons and reducing the Schottky barrier, thus increasing conductivity.
This mechanism applies to n-type semiconductors with depletion regions smaller than the

grain size [38].

14
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» Light-Emitting Diodes (LEDs)

LEDs have been developed using both homojunctions and heterojunctions
composed of different materials, exhibiting variations in performance in terms of turn-on
voltage, current-voltage characteristics, and emission colors. ZnO 1is considered a
promising candidate for blue and near-UV light sources due to its wide band gap and high

exciton binding energy at room temperature, making it suitable for LED design.

Several devices based on ZnO nanostructures have been studied, where ZnO is used
as an active layer in LEDs to enhance light extraction and reduce optical losses due to
internal reflections. The impact of doping and different impurity incorporation methods
on p-n junction formation has also been analyzed. However, homojunction LEDs based
on ZnO are less common, with their performance highly dependent on the passivation

layer.

Nanostructure-based LEDs offer higher efficiency compared to thin-film devices
due to improved light extraction. Heterojunctions between n-type ZnO and p-type
materials such as GaN have demonstrated high injection efficiency and recombination
rates, enhancing overall performance.

Materials like indium tin oxide (ITO) and indium zinc oxide (IZO) are used as anodes in
OLEDs, with white OLEDs proving to be highly energy-efficient, making them a viable
alternative to fluorescent lighting. Additionally, aluminum-doped ZnO (AZO) is emerging as
a promising indium-free transparent conducting oxide (TCO) for OLEDs applications due to

its lower cost and the ability to tailor its band gap and conductivity through doping [39].

» Liquid Crystal Displays (LCDs):

Transparent conductive oxides (TCOs) are currently used in a wide range of
consumer products, including liquid crystal displays (LCDs). In general, these materials
are based on indium tin oxide (ITO). However, concerns regarding the limited availability
of indium and its potential inability to meet future demand have driven researchers to
explore cheaper and more abundant alternatives.

ZnO thin films doped with n-type donor elements such as aluminum (Al), gallium (Ga),

and indium (In) have emerged as promising candidates [40].

15
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» Solar Cells

The conversion of sunlight into electricity using photovoltaic (PV) technology has
emerged as a promising solution to meet the growing global energy demands and to mitigate
carbon dioxide emissions associated with fossil fuel consumption. Thin-film solar cells are
particularly attractive due to their potential for low-cost, lightweight, and flexible energy

generation by efficiently capturing photons from sunlight.

Zinc oxide (ZnO) has received considerable attention as a cost-effective and versatile
material for photovoltaic applications. Numerous ZnO-based devices have been developed,
including dye-sensitized solar cells (DSSCs) and hybrid organic—inorganic nanostructured

solar cells.
ZnO contributes to photovoltaic technology in two main ways:

e As a transparent conductive oxide (TCO), ZnO is commonly used in the front
electrode of solar cells, helping to reduce the shadowing effect typically caused by
metallic finger contacts.

e As an n-type semiconductor, ZnO can be incorporated directly into the active layers of
solar cells either as a tunnel junction in amorphous silicon solar cells or as part of the

p/n junction in certain device architectures [39].
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Chapter II Deposition and characterization techniques of ZnO thin films

This chapter outlines the methodology for preparing ZnO thin films by presenting a
general schematic of the main deposition techniques used in this field. Spray pyrolysis was
selected as the central technique for the experimental study. The chapter also discusses the
principal characterization techniques used to investigate the structural, optical, and electrical

properties of the prepared films.
I1.1.Thin Film Deposition Techniques:

The structural, optical, and electronic properties of thin films are largely determined by
the method used during their deposition. This has led to the development of a variety of
specialized techniques tailored to specific material properties and application needs. Such
methods are employed to fabricate thin films composed of metals, alloys, ceramics, polymers,

and superconductors on a wide range of substrates [1].

Deposition techniques are generally categorized into two main classes: physical methods and

chemical methods, each offering distinct advantages in terms of control, film quality, and

Thin Film Deposition
Method
."Ph!"“i*“'" Method ( hemlca] ‘\[elhnd

processing conditions.

Atomic Layer Deposition} b r‘"[ Spray Pyrolysis Mﬂhml]
:('hemical Vapor depoaition ] Electredepssition ]
-< ' R F sputtering ] >_ ‘< E‘.ﬁ‘hemical Bath Depositior] >
\I Pulsed Laser Depnsition] B kr SILAR L

Figure ( IL.1) : Classification of thin-film depositon techniques|2].

I1.2.Spray Pyrolysis Technique

Spray pyrolysis is a straightforward, cost-effective, and scalable deposition technique widely
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used for the synthesis of nanostructured metal oxides, mixed oxides, and metal-on-oxide
systems [3]. It offers advantages such as reproducibility, particle size control, and the ability
to operate under ambient conditions, which make it particularly attractive for large-area

applications.

One of its most notable applications is in the fabrication of transparent conductive zinc

oxide (ZnO) thin films. Although high-quality ZnO films with desirable electrical

and optical properties can be produced using advanced methods such as magnetron sputtering,
chemical vapor deposition (CVD), or pulsed laser deposition (PLD), these approaches are
expensive and require vacuum systems. Spray pyrolysis, in contrast, provides a low-cost
alternative capable of delivering comparable film properties without the need for complex
equipment.

The technique typically involves spraying a precursor solution, often containing zinc salts
and doping agents onto a heated substrate maintained at 300—600 °C. The solution may
include water, organic solvents, or a combination thereof, and additives like acetic acid are
commonly introduced to stabilize the solution and prevent premature precipitation (see
Figure.Il.2).

A key advantage of spray pyrolysis is its ability to incorporate dopants by simply
adding the desired elements to the starting solution, enabling controlled modification of the
film’s functional properties. The experimental setup generally includes a spray nozzle and a
heated plate, allowing for uniform deposition over large areas under atmospheric pressure

[4,5].
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Le—— Precursor solution reservoir

— =

}- Compressed
- carrier gas
Solution Pressure regulator
controller

Spray Nozzle

Figure ( IL2) : The schematics of the experimental set up for spray pyrolysis [2] .
A standard spray pyrolysis system typically comprises the following components:

o Spray device (atomizer): responsible for generating a fine mist of the precursor
solution.

e Precursor solution: a homogeneous mixture containing metal salts and optional
dopants dissolved in water, organic solvents, or both.

o Heated substrate: maintained at a controlled temperature to facilitate decomposition
and film formation.

e Temperature controller: ensures stable and uniform thermal conditions throughout

the deposition process.

Several types of atomizers are commonly employed in spray pyrolysis, each offering distinct

advantages in terms of droplet size and control:

e Air-assisted atomizer: uses a jet of compressed air to break up the liquid stream into
fine droplets.
o Ultrasonic atomizer: employs high-frequency ultrasonic vibrations to generate a mist

of uniformly sized droplets, ideal for achieving fine and homogeneous films.
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o Electrostatic atomizer (electrostatic spray technique): utilizes a high-voltage
electric field to induce atomization of the liquid, offering precise control over droplet

trajectory and deposition uniformity [6].

I1.3.Characterization methods

Following the deposition of thin films, comprehensive characterization is essential
to evaluate and optimize the key parameters influencing film quality, such as substrate
temperature, dopant concentration, and precursor flow rate.
To achieve this, various analytical techniques are employed to assess the physical, structural,

and chemical properties of the films [7].
I1.3.1.Structural characterization

This study was conducted using X-ray diffraction with the aim of determining the
structure and crystallographic growth directions of the layers, measuring the lattice
parameters and the size of the crystallites. It also aims to assess the stress state within the

deposited layers [7].
I1.3.1.1.X-ray diffraction (XRD)

X-ray diffraction (XRD) is a widely used, non-destructive analytical method for
examining the crystallographic properties of solid materials. It provides detailed

information on the crystal structure, phase composition, preferred orientation (texture),
crystallite size, strain, and the presence of structural defects.

The technique is based on the interaction of incident X-ray beams with the
periodic atomic planes in a crystalline material. As the X-rays are diffracted by the
electrons of atoms arranged in a periodic lattice, constructive interference occurs at
specific angles, as described by Bragg's law [8].

Most commonly, XRD measurements are performed using the Bragg-Brentano
geometry, in which the X-ray source remains fixed while the sample rotates at an angle 6 and

the detector simultaneously moves at an angle 26. The resulting diffraction pattern shown in
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Figure (II.3) is recorded as the intensity of the diffracted beam versus the 20 angle,

allowing for the identification and analysis of the material’s structural characteristics [9].

X-ray tube

Figure (I1.3): Schematic illustration of X-ray diffractometer instrument[10].

When X-rays interact with a crystalline material, they are scattered by the periodic
array of atoms. Constructive interference of the scattered waves occurs only at specific

angles, which satisfy Bragg’s Law (see figure.11.4):

nA = 2d;; sin (IL1)
Where:

e dnrt is the spacing between crystallographic planes indexed by Miller indices (hkl),
e 0 is the angle of incidence (also the diffraction angle),
e A is the wavelength of the incident X-ray beam,

e n is the order of diffraction (an integer, typically n=1).

This condition defines the angles at which the intensity of the diffracted X-ray beam is
enhanced due to constructive interference, and it forms the basis for determining the

crystallographic structure of materials [7].
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Figure (IL.4) :Schematic representation of Bragg equation [11].

I1.3.1.2.Lattice Parameters

Lattice parameters describe the physical dimensions of a unit cell in a crystal. For

hexagonal structures such as zinc oxide (ZnO), two primary parameters define the cell: a (the

basal plane dimension) and ¢ (the vertical axis). These parameters can be extracted from X-

ray diffraction data by analyzing the interplanar spacing dpxusing Bragg’s Law in

combination with the following relation specific to hexagonal systems:

a

Ap = ” —
Z(h2 2 22
J3(h +h2+0R)+12

Where:

e dhnu is the interplanar spacing corresponding to the (hkl) planes,
e a and c are the lattice constants,

e h, kI are the Miller indices of the diffraction plane.

(IL.2)

This equation allows precise calculation of the lattice parameters from experimental XRD

data [12].
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11.3.1.3.Strain (¢) Determination

Strain (€¢) quantifies the relative deformation of the ZnO crystal lattice, often
induced by intrinsic or extrinsic stresses during thin film deposition. For ZnO in the
wurtzite structure, strain is typically assessed along the c-axis by comparing the lattice

parameter of the film to that of bulk ZnO:

g = Lm0 o 100% (IL3)

Co

Where:

*  Criim 1s the out-of-plane lattice constant of the deposited film, typically derived from
the (002) reflection in the XRD pattern,

e (g is the reference lattice parameter for bulk ZnO (= 0.5206 nm).

e A positive ¢ indicates tensile strain, whereas a negative € signifies compressive strain

along the c-axis [13].

I1.3.1.4.Stress (6) Determination

Stress (o) in ZnO thin films is evaluated using Hooke’s law adapted to hexagonal
crystal systems. The mechanical stress resulting from the lattice mismatch or thermal
expansion can be estimated from the strain using the film’s elastic constants. Stress

formula using stiffness constants:

o= [2. Ci3 — %} X € (IL.4)

Where:

e Cl11=209.7 GPa
e C(Cl12=121.1 GPa
o C13=105.1 GPa
e (33=210.9 GPa
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These elastic constants define the stiffness of ZnO along different crystallographic axes and

are essential for accurate stress quantification [14].

I1.3.1.5.Crystallite size

The crystallite size of ZnO thin films was estimated using the well-known Debye-

Scherrer formula

092
- B cos@

(IL 5)

Where G is the crystallite size, A is the wavelength of the X-ray (A = 1.5406 A), B is the
full width at half maximum (FWHM) of the diffraction peak in radians, and 0 is the Bragg

angle corresponding to the peak position [13].

% Determination of Dislocation Density (d)
Dislocation density (0) refers to the total length of dislocation lines per unit volume

within a crystalline material. It serves as an indicator of the degree of crystalline imperfection.

In this study, & was estimated using the Williamson and Smallman relation, which

correlates the dislocation density with the crystallite size (G) as follows:

§=—= (1L 6)

The resulting dislocation density is usually expressed in units of lines per square meter (m™ ?)

[15].

I1.3.2.0ptical characterization

I1.3.2.1.UV-Visible Spectrophotometry

UV-Visible spectrophotometry is a widely used analytical technique for assessing the
optical behavior of materials. It enables the evaluation of fundamental properties such as light
transmission, absorption spectra, and optical band gap energy. Additionally, it can be
employed to estimate crystallite sizes and, under certain conditions, the film thickness of the

sample [16].
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¢ Working principle
The operation of UV-Visible spectrophotometry is grounded in the electronic
transitions that occur when molecules absorb photons, causing electrons to move from a

lower (ground) energy level to a higher (excited) state.

The instrument typically uses two light sources:
e A deuterium lamp for the ultraviolet range (180—400 nm)

e A tungsten lamp for the visible range (400—800 nm)

A monochromator isolates the desired wavelength of light, which is directed via mirrors
to ensure beam alignment. The beam then passes through the test sample or a reference (see
Figure I1.5). The instrument compares the intensity of the transmitted light with that of the

incident beam to quantify absorbance or transmittance [17].

Light source UV
: Shit 2
Duffraction grating
Murror 1
/
] S ————
. Light source VIS
Filter = ’
Reference cuvette Detector 1
Iirror 4 .
j g —f 1
g Reference beam -
7 Lens 1
Half marror
Muivor 2 Sample cuvette Detedord
m\ g H H
i Sample beam Lens 2

Figure (I1.5) :The operating principle of UV-Visible spectroscopy [18].

UV-Visible spectroscopy is based on the interaction between electromagnetic radiation
and matter. When light in the ultraviolet or visible range strikes a sample, part of it is
absorbed while the remainder is transmitted. The absorption of photons leads to electronic
transitions within atoms, ions, or molecules, where electrons are promoted from lower to

higher energy levels [16].
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I1.3.2.2.Transmittance

Consider a homogeneous material of thickness d, subjected to a light beam of
initial intensity I[] incident perpendicular to the sample surface. The transmitted

intensity I is described by the Beer—Lambert law:

[ =1I,e %4 (1L.7)

Where:

e « is the absorption coefficient (in cm™ '), which depends on the material and the

wavelength of the incident light .

The absorption coefficient is related to the extinction coefficient (K) by the expression:

a="22 (1L 8)

Where, A is the wavelength of the light used [19].

Once the intensity of light after it passes through the cuvette is known, it can be related
to transmittance (T). Transmittance is the fraction of light that passes through the sample. It

can be calculated using the following equation [20]:

T=2 (1L 9)

Io
I1.3.2.3.Band Gap Determination

The optical band gap energy (Eg) of a material can be estimated from its transmittance

spectrum using Tauc’s method:

(ahv)? = A(hv - Eg) (11.10)

Where a denotes the absorption coefficient of the material, hv is the photon energy, A is a

constant and E g represents the optical band gap.
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The band gap was estimated under the assumption of a direct allowed electronic transition
between the valence and conduction bands, by extrapolating the linear region of the Tauc plot

(ahv)? versus hv to the energy axis, at the point where (ahv)? = 0 [21].( see Figure.IL6).

x1072
6.0:
5.5—-
5.0-.
L 45
£ 40

LN Eg=3,29 (ev)

1,0

0,0 . - - . , , . " : . .
3,10 3,15 3,20 3,25 3,30 3,35 3,40
hv(eV)

Figure(I1.6): Variation of (ahv)? as a function of (hv) for the ZnO thin film[22].

I1.3.2.4.Urbach energy Determination

In the region near the absorption edge, the absorption coefficient o exhibits an
exponential dependence on photon energy (hv), a behavior described by the Urbach
energy (Eu). This parameter is associated with the width of the band tails arising from
localized states, which are linked to structural disorder, lattice imperfections, and other
microstructural defects [23].

The Urbach relation is expressed as:

o = 0gexp (E—Z) (I.11)

Where a is constant.
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Taking the natural logarithm of both sides yields [15]:

Ina = Inag + };:—V (IL12)

u

This linear form indicates that a plot of In(a) versus hv will produce a straight
line in the exponential tail region, from which the Urbach energy Eu can be extracted

as the inverse of the slope Figure (I1.7).
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Figure(IL.7): Variation of the absorption coefficient (a) as a function of photon energy (hv)[22].

Urbach energy has units of electron volts (eV) and serves as an indicator of the degree
of disorder within the material. In ZnO thin films, higher values of Eu suggest increased
structural imperfections, such as dislocations, point defects, and compositional fluctuations.
These defects introduce localized energy levels that broaden into tails, sometimes merging

with the conduction band due to donor level overlap and impurity band formation [24].

I1.3.2.5.Refractive index

Extensive research has demonstrated a strong correlation between the refractive index
and the optical band gap of semiconductors. This relationship serves as a basis for estimating
the refractive index across various semiconductor classes. Among the most commonly applied

empirical models are:
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(a) Ravindra relation|[25]:

n = 4.084 — 0.62E, (I1.13)

(¢) Herve—Vandamme model [26]:

2
n?=1+ ( > (1L 14)

E,+B

Where A and B are constants with values A =13.6 eV and B=3.4 ¢eV.

11.3.3.Electrical Characterization

I1.3.3.1.Four-point probe Method

The electrical resistivity of the prepared thin films was measured using a LUCAS
LABS-302 SYSTEM four-point probe setup. This technique employs a probe with four

equally spaced tungsten tips (s = 1 mm) arranged in a straight line on the sample surface.

In this configuration, the two outer probes are used to inject a constant current (1), while
the two inner probes measure the resulting voltage drop (U) across the sample. This
arrangement minimizes the influence of contact resistance and allows for accurate

determination of the film's resistive properties [27].

-1 4+v-
Yy 1 ¢

1]

i t Sample

Figure (I1.8): Schematic of the in-line 4point probe to measure Rg, [28].
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When the distance s between the terminals is much greater than the thickness of the thin
film (t <<'s), the lateral dimensions can be considered infinite, and the resistivity of the layer

can be deduced using the formula(Il. 15):

p =Ryt (I 15)

Where Ry, is the sheet resistance, calculated by the ratio U/I multiplied by a correction
factor that accounts for the finite dimensions of the sample [28]. This correction factor is

given by the following formula(Il. 17):

Rsh S ET (Il 16)

I1.3.3.2.Determination of thin film thickness

In this study, The thickness of the deposited thin film can measured using the
weight difference technique (Eq. II. 18), which is easy and practical [29].

t=— (I11.17)

Where

e p denotes the bulk density of the material.
e Am is the difference in the substrate mass before (cleaned substrate) and after (substrate +
thin film) the deposition.

e S is the deposited surface.

I1.3.3.3.Figure of merit

The concept of the figure of merit was first introduced by Fraser and his colleagues as
an index known as FOM. It was later developed by Haacke and his team to express material
efficiency through the ratio of transmittance to the sheet resistance of the layer, according to

the equation:
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T10
FOM = = (1L 18)

Rsh

Where T represents transmittance and Rg;, represents sheet resistance. The higher the value of

FOM, the greater the material efficiency.

This equation is specifically used to evaluate Transparent Conducting Oxides (TCOs),
which must combine high conductivity with low light absorption in the visible range, making

FOM an important criterion in optoelectronic applications [30].
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Chapter III Results and discussion

This chapter provides the experimental details of depositing ZnO, ZnO:Al (AZO),
Zn0:G (GZO), and ZnO:(Al,Ga) (AGZO) thin films, including the selection and preparation
of substrates and precursor solutions. The apparatus used, as well as the deposition
procedures, are described in detail. Finally, the structural, electrical, and optical properties of

the ZnO, AZO, GZO, and AGZO thin films are examined.

II1.1. Preparation of ZnO, AZO, GZ0O, AGZO Thin Films

I11.1.1.Experimental conditions before deposition

» Substrate Selection
Glass slides measuring 25 mm X% 15 mm were selected as the substrate and were cut using a
diamond-tipped cutter.
> Reasons for selecting glass as a substrate
e (lass has a thermal expansion coefficient similar to that of ZnO, which helps minimize
thermal stress at the interface.
o Its high transparency makes it suitable for optical analysis in the visible light range.
e Glass is cost-effective and readily available, making it a practical and economical choice
for thin-film deposition research and applications.

» Substrate Cleaning

Given the direct impact of the substrate's cleanliness and surface condition on the quality of
the deposited layer, and subsequently on the overall performance of the sample, the cleaning
process of the substrate is a critical step that requires careful attention. This process aims to
remove any surface contaminants such as grease or dust, while also ensuring that the

substrate surface is free from scratches or flatness defects through visual inspection.

This step is essential to ensure strong adhesion of the deposited layer and uniform thickness
across the substrate.

Therefore, the glass substrate is selected and cleaned according to the following protocol:
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¢ C(lean the substrate using soapy water or a detergent, followed by rinsing
with distilled water for 10 minutes.

e C(Clean the substrate with acetone

¢ Rinse the substrate with distilled water

e C(lean the substrate with ethanol for 5 minutes at room temperature to

remove any traces of grease and impurities.

e Rinse the substrate with distilled water

e Dry the substrate using an air blower, ensuring not to touch the surface to

avoid contamination.

I11.1.2. Deposition of ZnO, AZO, GZO, AGZO Thin Films

Undoped, doped, and co-doped zinc oxide (ZnO) thin films were deposited via spray
pyrolysis technique. Aluminum (Al) and gallium (Ga) dopants were introduced separately,
each at 1 wt.%, and the co-doped films contained both Al and Ga, each at 1 wt.%. Zinc
acetate monohydrate (Zn(CH;COO),.H,O) was used as the precursor for ZnO, with
aluminum chloride hexahydrate (AICI;.6H,O) and gallium nitrate nonahydrate
(Ga(NO3)3.9H,0) serving as the dopants for Al and Ga, respectively, to produce AZO and
GZO films. The precursor solutions were dissolved in distilled water and sprayed onto glass

substrates heated to 400°C.

The films were deposited under controlled parameters, with the spray nozzle-substrate
distance maintained at 12 cm, a fixed spray time of 5 minutes, and the process carried out at
atmospheric pressure. The experimental conditions were optimized to ensure uniform

deposition and high-quality films

e Here, we outline the diverse physical and chemical properties of the materials

employed.
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Table.Ill. 1: Summary of the Physical and Chemical Properties of the Materials Employed

Materials Aluminum
Zinc acetate chloride Gallium Nitrate
Properties hexahydrate
Appearance White crystalline White or slightly
solid with an acetic | yellow crystalline White Crystalline
acid odor. powder or colorless
crystals
Molecular CUHIIOZn Al(CI)-6HJO Ga(NO[)[1-9HI1O
formula 2HI10
Molecular 219.50 g/mol 241.33454 g/mol 255.74 g/mol
weight
Solubility soluble in water Highly soluble in soluble in water ,
and methanol water ethanol and diethyl
ether
Density 1.735 g/ cm® 2.48 glcm® 6.44g/cm’
Melting point 237°C 190°C 110°C
(decomposition of
the solid hydrate)
e ki
3 R
5 ’
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I11.1.3.Experimental Setup Used

This system was designed at the Physics Laboratory and Thin Film Applications at the
University of Biskra, using simple components that were modified in order to obtain
homogeneous doped zinc oxide films Figure (III.1).1illustrates the experimental device used

for the deposition of these films.

Figure (IIL.1): Image of the apparatus employed for deposition.
+» Deposition Device Components
The deposition setup consists of the following main components:
1. Sample holder and heating plate.

2. Temperature regulator connected with a thermocouple to check the temperature.
3. Atomizer to decay the solution to fine droplets.

4. Air compressor.

5. Solution vial.

6. Thermocouple.
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II1.2.Results and discussions

II1.2.1.Crystal Structure Analysis Using X-ray Diffraction (XRD)

The following figure presents the X-ray diffraction (XRD) results of the studied

samples, showing distinct crystalline peaks that reflect the material's crystal structure.
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Figure (I11.2): X-ray Diffraction Analysis of ZnO, AZO, GZO and AGZO Thin Films.
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Figure IIL.3: X-ray diffraction patterns of ZnO thin films: (a) undoped ZnO, (b) Al-doped ZnO
(AZ0O), (¢) Ga-doped ZnO (GZO), and (d) Al/Ga co-doped ZnO (AGZO).

X-ray diffraction (XRD) analysis revealed distinct diffraction peaks, indicating the
formation of a hexagonal wurtzite structure in the ZnO thin films(Figure.Ill.3). The
diffraction peaks appeared clearly at 20 angles of approximately 31.8°, 34.4°, 36.2°, and
47.5°, corresponding to the (100), (002), (101), and (102) -crystallographic planes,
respectively. These findings are consistent with numerous studies [1,2] and align with the

reference data from JCPDS card No. 36-1451 [3].
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Moreover, it is observed that the main peak at the 26 angle of 34.48°, corresponding to
the (002) crystal plane, is very intense. This indicates that the crystallites are preferentially
oriented along the c-axis, suggesting high crystalline quality and a well-aligned structure
perpendicular to the substrate surface [4-6].No secondary phases (e.g., Al,O3 or Ga,03) were
detected in the XRD patterns. This suggests that aluminum and gallium ions either
substitutionally replaced zinc in the lattice or occupied interstitial sites without forming
impurity phases [7, 8].

Analysis of the (002) diffraction peaks shows a shift toward higher 26 values for AZO
(34.4723°), GZO (34.5305°) and AGZO (34.4774°) compared to undoped ZnO (34.4709°), as
shown in Figure (II1.4). This shift confirms the substitutional incorporation of AI** and Ga*'
into the ZnO lattice. The smaller ionic radii of AI** (0.54 A) and Ga** (0.62 A), relative to
Zn** (0.74 A), lead to a reduction in lattice spacing (dyq) and alter the lattice parameters

(Table II1.2) [9].
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Figure (I11.4): XRD Patterns of the (002) Diffraction Peak
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Chapter 11
Table (IIL.2): Structural Analysis of ZnO and Doped Samples.
Sampls Zn0 AZO GZO AGZO
34,4709 34,4723 34,5305 34,4774
26 (°)
(hkl) (002) (002) (002) (002)
d(hkl) (A) 0,25997 0,25996 0,25953 0,25992
Crystallite size
D (nm) 44,14368 63,04434 55,20254 44,14446
Strain
-3
(<107 11,0918 1,1312 12,7636 11,2744
Dislocation
density o(X 5,13 2,52 3,28 513
10*lines/m™?) ’
o(GPa) 0.25417 0,47936 0,8590343 0,512682
Lattice a 3,23631 3,23468 3,24048 3,23948
constants
A) c 5,19948 5,19927 5,19077 5,19852
c/a 1,6066 1.6073 1.6018 1.6047
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According to Table (III.2), slight deviations are observed between the experimental
results and the reference data from the JCPDS card for zinc oxide Based on the standard
JCPDS data, the lattice parameters of ZnO are ao= 3.2499 A and c,= 5.2052 A[10] . In this
study, the calculated lattice parameters (a and ¢) for undoped ZnO thin films are a = 3.2363 A
and ¢ = 5.1995 A Figure (IIL.5), which are slightly smaller than the standard values. These
parameters further decrease upon doping with Al and Ga, as shown in Figure IILI.5. This
reduction can be attributed to the substitution of Zn** ions by AI** and Ga** ions, which
have smaller ionic radii, as previously discussed. Additionally, the positive stress values
indicate tensile stress in the films, whereas the negative strain values suggest compressive

strain [11]. These findings are consistent with previous studies [12].
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Figure (IIL.5): Variation of lattice parameters of undoped and doped ZnO thin films: ZnO,
AZO, GZO, and AGZO.

I11.2.1.1.Crystallite Size

The crystallite size was calculated using Scherrer's equation from the full width
at half maximum (FWHM), and the results are presented in Table (I11.2), and Figure
(I1L.6)
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Figure (I11.6): Variation in the crystallite size, dislocation density of ZnO, AZO, GZO, and AGZO

samples.

The observed variations in crystallite size and dislocation density for the ZnO, AZO,
GZO, and AGZO thin films reflect the influence of doping on the structural properties of
ZnO. Dopants such as aluminum (Al) and gallium (Ga) can modify grain growth and defect

formation during thin film deposition.

The undoped ZnO thin film exhibits a crystallite size of approximately 44 nm and a
dislocation density of 5.13 x 10" lines/m?, indicating moderate crystallinity with a significant
number of lattice defects. Upon doping with aluminum (AZO), the crystallite size increases
significantly to about 63 nm, accompanied by a notable decrease in dislocation density to 2.52
x 10" lines/m?, suggesting improved crystallinity due to Al incorporation, which promotes
grain coalescence and reduces grain boundary defects.

In contrast, gallium doping (GZO) results in a moderate crystallite size of approximately 55
nm and a dislocation density of 3.28 x 10'* lines/m?, indicating enhanced but slightly inferior
structural properties compared to AZO, likely due to differences in ionic radii and doping

efficiency.
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Interestingly, the co-doped AGZO sample exhibits a crystallite size similar to undoped
ZnO (~44 nm) and a dislocation density comparable to pure ZnO (5.13 x 10'* lines/m?). This
suggests that co-doping with Al and Ga may introduce competitive or compensating effects,

diminishing the beneficial impacts observed with single-element doping [13].

I11.2.1.2.Film thickness

The calculated film thickness values for ZnO, AZO, GZO, and AGZO thin films are
illustrated in Figure (I11.7)
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Figure (IIL.7): Film Thickness Variation in ZnO, AZO, GZO, and AGZO Thin Films.

Based on the thickness measurements in Figure (III.7), the GZO film is thicker than
Zn0O, AZO, and AGZO. The incorporation of gallium has a significant effect on the film
thickness, reaching a maximum value of 526 nm. The XRD curve shows that the (002) peak
for the GZO sample reached its maximum intensity, and the thickness also reached its highest
value for this sample. This correlation between peak intensity and film thickness suggests that
the observed changes are due to structural modifications induced by doping [14].

These observations align with the growth model transition reported by Garcés et al.
[15], where thinner films typically follow 2D growth while thicker films transition to 3D

growth modes. Our results suggest that gallium doping promotes this 2D-to-3D transition at
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lower measured film thickness compared to undoped or other doped films.

I11.2.2.0ptical Analysis

This study investigates the transmittance, refractive index, and optical band gap to
understand how doping and co-doping with Al and Ga affect the optical characteristics of

7ZnO films.

II1.2.2.1.Transmittance Spectra:
The transmittance spectra of ZnO, AZO, GZO, and AGZO thin films were analyzed in the
wavelength range of 300 to 800 nm, as shown in Figure (II1.8).
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Figure (I11.8): Optical Transmittance Spectrum of ZnO-Based Thin Films.

The films exhibited optical transmittance exceeding 85% in the visible region, with a
sharp fundamental absorption edge [16], as shown in the transmittance curve. These curves
demonstrate distinct variations in the films' response to light within this spectral range. A
sharp increase in transmittance is observed at short wavelengths (380—400 nm), indicating the
presence of an optical absorption edge caused by electronic transitions from the valence band
to the conduction band. Beyond this edge, in the visible range (400-800 nm), transmittance
stabilizes at different levels depending on the sample type, further reflecting the impact of

dopant type on the material’s optical behavior.
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Undoped ZnO sample exhibited the highest transparency at longer wavelengths, making
it suitable for applications requiring high transmittance. AZO performed well at the beginning
of the visible range but showed a gradual decrease in transmittance with increasing
wavelength. GZO exhibited the lowest transmittance, possibly due to its higher film thickness.
It is well known that transmittance depends on sample thickness according to the Beer-
Lambert law (see Chap. II). Therefore, an increase in film thickness leads to a decrease in
optical transmittance.

Although dual doping may contribute to a slight reduction in optical transmittance due
to decreased crystallinity, as confirmed by previous XRD results, and an increase in grain
boundaries that enhances light scattering, the AGZO sample demonstrated superior
performance. It exhibited stable and high transmittance across the visible range, likely due to

its lower film thickness and reduced surface roughness.

I11.2.2.2. Urbach Energy and Optical Band Gap:

The optical bandgap and Urbach energy of the ZnO thin films were calculated using the
Tauc model and the Urbach tail method, respectively. The optical bandgap was determined by
extrapolating the linear portion of the Tauc plot based on the relation (II. 10) This approach
is consistent with previous studies that employed similar methods to evaluate the optical

properties of ZnO thin films [17].
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Figure (I11.10): Variation of the band gap and Urbach energy of ZnO films.
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Table (II1.3) present the optical band gap, Urbach energy, and refractive index values
for the prepared samples. The measured band gaps for ZnO, AZO, GZO, and AGZO thin
films were 3.229, 3.25, 3.216, and 3.24 eV, respectively (Figure I11.10). The optical band gap
increases with the addition of Al or Al/Ga to the ZnO matrix. This increase can be attributed
to the Burstein-Moss effect, which occurs because the Al or Al/Ga dopants enhance the
carrier concentration. Substituting AlI** or Ga** ions for Zn* in the ZnO structure
introduces additional free electrons into the conduction band [18]. This increase in free carrier
concentration causes electrons to occupy the lower energy states below the conduction band,
effectively raising the Fermi level and widening the energy gap. Consequently, the band gap

of ZnO films increases, in agreement with reported studies [15, 19-23].

The observed band gap for GZO films is lower than that of other samples, which can be
attributed to the increased film thickness. Thicker films lead to localized states in the band
structure that merge with the conduction band edges, resulting in a reduced band gap [24]. A
similar effect has been observed in ZnO films [25].

Additionally, they [26, 27] explained the changes in the band gap through various
mechanisms, including: (i) degradation of crystallinity, (ii) changes in crystallite size, (iii)
quantum size effects, (iv) impurity density variations, and (v) strain-induced effects. Strain,
which modifies the interatomic spacing (dpx;) of semiconductors, can also affect the band gap,
as demonstrated by Kamal Baba. This strain might explain the shift in the band gap observed
in our films, as the strain increases with film thickness, as shown in Table 1.2 and Figure
II1.7. On the other hand, the reduction in the band gap could also be attributed to the widening
of the Urbach tail, which is associated with an increase in localized states.

Table ( II1.3) displays the refractive index values for ZnO, AZO, GZO, and AGZO thin
films. The refractive index values calculated using the Ravindra relation are comparatively

lower than those obtained using the Hervé—Vandamme method [28].
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Table (III.3): Optical Parameters of ZnO-Based Thin Films: Band Gap, Urbach Energy, and

Refractive Index Estimated Using Ravindra and Herve—Vandamme Models.

Sampls Band Urbach Refractive index
Gap energy : :
Eg(ev) Eu(ev) Ravindra relation Herve—Vandamme

model
ZnO 3,2292 0,0566 2,0818 2,2822
AZO 3,2499 0,0469 2,0690 2,2765
GZO 3,2159 0,0687 2,0901 2,2859
AGZO | 3,244 0,076 2,0723 2,2781

II1.2.3.Electrical Characteristics

I11.2.3.1.Resistivity

The following figure illustrates the variation in electrical resistivity of undoped and

doped ZnO thin films (AZO, GZO, AGZO):
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Figure (I11.11): Variation of resistivity and optical band gap for different ZnO samples.
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The resistivity of ZnO-based thin films is inversely related to their optical bandgap,
influenced by doping-induced modifications in the electronic structure. The high resistivity
(~7110 Q.cm) of undoped ZnO is attributed to its wide bandgap (~3.23 eV), which limits the
intrinsic carrier concentration [29]. Doping with aluminum (AZO) reduces resistivity (~364
Q.cm) by introducing shallow donor states that (1) increase the free-electron density and (2)
slightly widen the bandgap (~3.25 eV) via the Burstein-Moss effect, where an increased
carrier population fills conduction band states, effectively pushing the bandgap upward
(Minami) [30].

In contrast, Ga-doped ZnO (GZO) exhibits unusually high resistivity (~2.6x10[] Q.cm),
despite Ga being a donor. The nearly constant bandgap (~3.22 eV), similar to that of undoped
ZnO, suggests defect compensation mechanisms (e.g., Ga interstitials or Zn vacancies) that
trap carriers, thereby disrupting the expected inverse relationship between bandgap and
resistivity [31].

For AGZO, the intermediate resistivity (~1480 Q.cm) and bandgap (~3.24 eV) reflect a
balance between the effects of Al and Ga. Aluminum enhances conductivity, while defects
associated with Ga partially counteract this effect, maintaining a moderate bandgap. Samavati
et al [32] investigated the structural, optical, and electrical properties of Al-Ga co-doped ZnO
(AGZO) thin films. They observed that co-doping with both aluminum and gallium resulted
in improved crystallinity and enhanced electrical conductivity compared to singly doped
films. The study also noted that the optical bandgap of AGZO films was slightly higher than
that of pure ZnO, indicating a balance between the effects of Al and Ga dopants.

The figure of Merit (FOM) values for ZnO, AZO, GZO, and AGZO thin films were
calculated to be approximately 1.49x10°, 8.85x10°, 4.45x10* and 3.72x10° Q !
respectively (Table I11.4). These values indicate a significant enhancement in the electrical
conductivity and optical transparency of AZO and AGZO films compared to undoped ZnO
and GZO, consistent with Haacke’s (1976) original FOM definition and subsequent studies
[33].The higher FOM values for AZO and AGZO films highlight the beneficial effects of
aluminum doping and Al/Ga co-doping, which improve carrier concentration while reducing

resistivity. In contrast, the lower FOM of GZO suggests less efficient charge transport, likely
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due to incomplete dopant activation, lower solubility of Ga in ZnO, or defect compensation

mechanisms.

Table II1.4. Electrical parameters of ZnO, AZO, GZO and AGZO thin films .

Average Sheet resistance Rs Figure of merit
Sampls
Transmittance Q) (X 10%)(Q)?
Zn0O 0,9244021 3,05563E7 149,1
AZO 0,8627224 2,58076E6 885
GZO 0,8599404 4,96363E8 4,45
AGZO 0, 8731465 6,91571E6 372.4
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General Conclusion

In this work, thin films of ZnO, AZO, GZO, AGZO were prepared using the chemical
spray pyrolysis (CSP) technique. These films were subjected to several characterization
techniques, including X-ray diffraction (XRD) for structural analysis, ultraviolet-visible (UV-
Vis) spectrophotometry for optical property evaluation, and finally, the four-point probe

method to measure the electrical resistivity.

» Structural analysis using X-ray diffraction (XRD) revealed that all prepared samples
exhibited a hexagonal wurtzite structure with a preferred orientation along the (002)
plane, indicating high crystalline quality. The crystallite size varied depending on the
type of doping, with aluminum-doped samples (AZO) showing the largest crystallite
size (~63 nm), followed by galium-doped samples (GZO), while the undoped (ZnO)
and co-doped (AGZO) samples exhibited intermediate crystallite size (~44 nm). These
variations are related to doping effects on lattice distortions and film quality.

» The optical study revealed that the prepared thin films of ZnO, AZO and AGZO
exhibit high optical transmittance exceeding 85% in the visible region. In contrast, the
GZO sample recorded slightly lower transmittance, likely due to its increased
thickness.

The optical band gap (Eg) ranged from 3.216 eV (for GZO) to 3.25 eV (for AZO),
which is attributed to the Burstein-Moss effect resulting from increased free carrier
concentration.

» The electrical study of ZnO-based thin films revealed that AZO exhibited the most
favorable electrical properties, with the lowest resistivity (~364 Q-cm) and the highest
figure of merit (FOM) (~8.85x100J Q" ). In contrast, GZO showed high resistivity
(~2.6x10[1 Q-cm) and a low FOM (~4.45x100] Q™ '), likely due to defect
compensation effects. AGZO presented a balanced performance, with moderate
resistivity (~1480 Q-cm) and a satisfactory FOM (~3.72x100] Q™ ). These results
confirm that AZO and AGZO films are the most promising for optoelectronic

applications such as solar cells.



Abstract

This study investigates the structural, optical, and electrical properties of thin films of
undoped ZnO, Al-doped ZnO (AZO), Ga-doped ZnO (GZO), and Al/Ga-co-doped ZnO
(AGZO) deposited using the pneumatic spray technique. Various characterization methods
were employed, including X-ray diffraction (XRD) for crystal structure analysis, UV—visible
spectrophotometry for optical properties, and the four-point probe technique for electrical

resistivity measurements.

The results revealed that all deposited films crystallize in the hexagonal wurtzite structure,
with a strong preferential orientation along the (002) plane. Additionally, the films exhibited
high optical transmittance exceeding 85% in the visible spectrum. The electrical resistivity
varied significantly among the samples, with the AZO film exhibiting the lowest resistivity
(~364 Q-cm) and the highest figure of merit (~8.85 x 10[] Q "). In contrast, the GZO film
showed high resistivity (~2.6 x 100] Q-cm) and a low figure of merit. The AGZO film
demonstrated balanced performance, with moderate resistivity (~1480 Q-cm) and a
satisfactory figure of merit (~3.72 x 10[] Q '). These findings indicate the potential
suitability of AZO and AGZO films for future optoelectronic applications.

Keywords: ZnO thin film, (Al, Ga) doping, pneumatic spray, structural properties,

optical and electrical properties.
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