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General Introduction 

Transparent conducting zinc oxide (ZnO) has recently gained much attention due to 

the many advantages over other oxide thin films such as In2O3, CdSnO4 or SnO2. These 

advantages include non-toxicity, good electrical, optical and piezoelectric behaviours, 

stability in hydrogen plasma atmosphere and low price [1]. Zinc oxide (ZnO), an n-type 

semiconductor oxide, has gained much interest for its broad and various applications in 

optoelectronic, microelectronic and spin transport electronic devices [2].  

 

ZnO is a wide direct band gap energy (3.37 eV), high exciton binding energy (60 

meV), high optical transparency in the visible and near-infrared regions, high refractive 

indices, high electrical properties, high chemical and thermal stability [3].   

However, controlling its electrical conductivity remains a major challenge, as ZnO 

often exhibits unintentional n-type conductivity due to impurities like hydrogen, rather than 

intrinsic defects as previously believed. Achieving stable and reproducible p-type 

conductivity is still difficult due to the lack of effective dopants and the presence of 

compensating centers.  

Despite the challenges associated with ZnO’s electrical conductivity, recent 

advancements in material synthesis techniques and a refined understanding of defect 

chemistry have significantly bolstered its potential in electronic and optoelectronic 

applications [4,5]. Doping ZnO with various elements is a common approach aimed at 

enhancing its properties. However, mono doping strategies have largely failed to achieve 

concurrent improvements in both the physical and optical characteristics of ZnO. This 

limitation has driven interest toward co-doping methods, which involve the simultaneous 

incorporation of two different dopants, typically combining group III and group VI elements, 

to achieve a synergistic enhancement of material properties. Notably, the co-doping system 

comprising aluminum (Al) and cobalt (Co), despite its promising potential, has not yet been 

extensively investigated in the scientific literature [6]. 
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ZnO thin films have been prepared using various growth techniques, such as 

magnetron sputtering deposition [7], sol-gel spin coating [8], pulsed laser [9], and physical 

vapor deposition [10] Thermal spray technology is considered a simple and cost-effective 

method for depositing thin films, widely used in applications such as solar cells and glass 

manufacturing. This technique allows for the preparation of uniform, multilayer films with 

various components, without the need for high-purity materials, and offers good control over 

the film’s morphology and structure [11]. 

 

The main objective of this work is to study the effect of doping ZnO thin films with 

cobalt (Co) and aluminum (Al) individually, as well as co-doping with both elements 

simultaneously, on the structural, optical, and electrical properties of the films ZnO, AZO, 

CZO and ACZO. This research has been divided into three chapters as follows: 

✓ CHAPTER I:  Overview of TCOs and ZnO   

This chapter provides a brief overview of the physical properties of ZnO material and its 

applications, with a focus on the bibliographic research results for doped and co-doped 

ZnO thin films. 

✓ CHAPTER II: Thin films deposition techniques and characterization methods 

The second chapter describes the spray pyrolysis technique. Furthermore, we explain the 

methodologies utilized in this study to characterize ZnO films (such as structural, optical, and 

electrical studies). 

✓ CHAPTER III: Experimental result and discussion 

This chapter also summarizes the numerous experimental results obtained (structural, optical, 

and electrical properties) from the thin ACZO films made utilizing the aerosol decomposition 

process, as well as their discussion and comparison. 

Finally, we will conclude our work with a general conclusion in which we identify all 

the significant results that we have obtained during this work . 
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Chapter I: Overview of TCOs and ZnO  

   

This chapter focuses on the theoretical research aspect, introducing transparent 

conductive oxides (TCOs) and zinc oxide (ZnO) with an emphasis on their key physical 

properties, including crystal structure, electrical behavior, and optical characteristics. The 

chapter also reviews the most important practical applications of ZnO, in addition to previous 

studies on ZnO doping with various elements, whether single or co-doping, aiming to enhance 

its functional properties. 

I.1Transparent conductive oxide (TCO) 

I.1.1Definition of TCO 

Transparent conductive oxides (TCOs) are binary or ternary inorganic compounds 

composed of one or two metallic elements, which simultaneously exhibit high optical 

transparency and good electrical conductivity. These materials have a wide optical bandgap 

(Eg) of more than 3 eV resulting in low resistivity (as low as 10−4cm) and extinction 

coefficients (k) in the visible range (VIS) of less than 0.0001[1]. 

The formation of non-stoichiometric oxides or the intentional introduction of suitable 

dopants can lead to an exceptional combination of electrical conductivity and optical 

transparency properties that are typically incompatible in stoichiometric, undoped oxides.[2] 

Their discovery dates back to the early 20th century, when Bädeker observed that thin films 

of cadmium oxide (CdO) deposited in a glow discharge chamber were both conductive and 

transparent. This first discovery paved the way for a field of research that is still relevant a 

century later.[3] 

 Many TCO materials were subsequently developed, including 

𝐼𝑛2𝑂3, 𝑆𝑛𝑂2  , 𝑍𝑛𝑂:, 𝐶𝑑2𝑆𝑛𝑂4, 𝐶𝑑2𝑆𝑛𝑂2, 𝐼𝑛2𝑂2: 𝑆𝑛(𝐼𝑇𝑂), 𝑍𝑛𝑂: 𝐴𝑙, … . . etc. Obtaining these 

materials, which provide a good compromise between transparency to visible light and 
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electrical conductivity, is a major industrial challenge [4]. These transparent conductive 

oxides are widely used materials because many applications need to combine optical 

transparency with electrical conductivity. Some of these applications are listed below  :  

Ecrans plats, heat-reflective objects, such as heat-reflective windows and mirrors, etc.  

Electromagnetic windows and mirrors, electric mirrors, touch screen controls, 

electromagnetic shielding, electrostatic charge dissipation, solar cells : The first point of 

contact through which light must pass to enter the cell. A unique TCO is selected for each of 

these applications based on the manufacturing requirements and other properties (stability 

against specific elements, etc.) required by the application [5]. 

I.1.2. Properties of TCO 

I.1.2.1. Electrical properties 

The electrical properties of TCOs are governed by the physical characteristics of wide 

band gap semiconductors (Eg > 3 eV). The electrical conductivity (σ), expressed in S·cm⁻¹ or 

equivalently (Ω·cm) ⁻¹, is determined by the charge carrier density (n, in cm⁻³), the charge 

carrier mobility (μ, in cm²·V⁻¹·s⁻¹), and the elementary charge of the electron (q, in 

coulombs). The electrical resistivity (ρ) is defined as the inverse of conductivity and is 

expressed in Ω·cm [6]. 

𝜎 = 𝑞𝑛𝑣𝜇 =
1

𝜌
                                         (𝐼. 1) 

I.1.2.2. Optical Properties: 

TCOs are characterized by the presence of an optical window that spans the entire 

visible spectrum. Optical transmission is defined as the ratio between the intensity of the 

incident light and the intensity of the light transmitted through the material under 

investigation.[7] These activities generate additional characteristics used to analyze optical 

qualities. They are called absorbance, reflectance, and transmittance. respectively. A 

medium's reflectance 'R' is the ratio of flux reflected to flux incident. Transmittance 'T' is the 

quantity of flux transmitted by the medium, normalized by the amount of flux incident on the 

same medium. Absorbance 'A' refers to any flux that is not reflected or transmitted. The law 

of conservation of energy states that the total of three parameters equals one unit.[8] 

R + T + α = 1                                     (I. 2) 
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α: absorption coefficient  

 

Figure I-1: Optical spectra of typical (ZnO) transparent conductor (left side) and schematic 

electronic structure of conventional TCO materials (right side) conduction band [9] 

 

Transparent conductive oxides (TCOs) possess an optical window that spans the entire 

visible spectrum. As illustrated in Figure (I-1), their optical behavior can be divided into three 

spectral regions.  

In the short-wavelength range (λ < λg), corresponding to the near-ultraviolet region, 

optical absorption is primarily due to interband (band-to-band) transitions, where incident 

photons with energies equal to or greater than the band gap excite electrons from the valence 

band to the conduction band. 

 In the intermediate region (λg < λ < λp), which corresponds to the visible range, the 

material exhibits high transparency, as photon energies are insufficient for band-to-band 

excitation and are not significantly absorbed by free carriers. Finally, in the long-wavelength 

range (λ > λp), corresponding to the near-infrared region, incident radiation is reflected by 

free electrons in the conduction band. This phenomenon can be interpreted using classical 

Drude free-electron theory. Plasma oscillates at a natural frequency ωp, called the resonance 

frequency or plasma frequency, corresponding to a characteristic wavelength λp. At this 

wavelength, part of the incident radiation is absorbed by the thin film due to the presence of 
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free electrons in the material, a phenomenon influenced by their concentration and motion 

[10] . 

I.1.3. Criteria for Choosing TCOs 

The most suitable transparent conductive oxides (TCOs) are selected based on their 

high electrical conductivity and excellent optical transparency as summarized in Table 1, as 

well as additional factors such as physical and chemical stability, plasma wavelength, film 

thickness, deposition temperature, toxicity, and cost, [11]. 

Furthermore, the figure of merit proposed by Haacke in 1976 serves as a key criterion 

for evaluating transparent semiconductor materials. It is defined as the ratio of optical 

transmittance to the sheet resistance of the TCO layer and is expressed in units of Ω⁻¹ [12] 

𝜙𝑇𝑐 =
𝑇10

𝑅𝑠
                                   (𝐼. 3) 

Table (I-1): Minimum required properties of TCOs [11] 

             Parameters Transparent Conductive Materials 

 Band gap >3.1eV (380nm) 

Transparency at 550nm >90% (for n-type) and >85% (for p-type) 

Resistivity  104cm (for n-type) and 103cm (for p-type) 

 Carrier Concentration >1020𝑐𝑚−3 (for n-type) and >1018𝑐𝑚−3 (for p-type) 

Mobility >40𝑐𝑚2(𝑉𝑠)−1(for n-type) and >20𝑐𝑚2(𝑉𝑠)−1 (for p-type) 

 Sheet resistance ≤10k /square (for 20nm thickness) 

 

I.2. Zinc Oxide (ZnO) 

I.2.1. The Choice of ZnO 

ZnO is attracting a lot of interest for its applications in optoelectronic devices, 

including UV-blue LEDs and lasers. Its main properties include [13]: 

• High exciton energy (60 meV), ideal for UV laser diodes. 

• Transparency in the visible and near infrared . 

• High hardness and thermal stability . 

• Low cost, natural abundance and non-toxicity . 
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• A two-dimensional growth favored on substrates such as sapphire . 

• The possibility of high doping with low resistivity. 

• Good compatibility with other active semiconductors. 

• The manufacture of TCO films on large surfaces by sputtering. 

• Interesting characteristics even at low deposition temperatures . 

• Thanks to these properties, ZnO is positioned as a key material for the next generation 

of optoelectronic devices.  

• The figure of merit (7 𝛺−1)[12] 

I.2.2. Definition of Zinc Oxide 

Zinc oxide is an important material in the electronics industry, classified as a II-VI 

oxide semiconductor with the chemical formula ZnO [14]. It is insoluble in water but 

dissolves in acids and alcohols. Its melting point exceeds 2250 K, and its density reaches 

5675 kg/m³.[15] 

 

 

 

 

 

 

Figure I-2: Solid zinc oxide in natural form (a) and in the form of a white powder called 

"white zinc" (b) [16] 

I.2.3. Zinc Oxide Properties  

I.2.3.1. Structural properties 

Zinc oxide (ZnO) crystallizes in three main crystal structures: hexagonal wurtzite, 

cubic zinc blende, and cubic rocksalt shown in Figure (I-3) [17]. Among these, the wurtzite 

structure is the most thermodynamically stable and commonly observed under ambient 

conditions. 
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Figure I-3: The ZnO crystal structures, rocksalt, zinc blend, wurtzite 

The zinc blende phase can only be stabilized when ZnO is grown on cubic substrates, 

while the rocksalt structure appears only under high pressures, approximately 10 GPa. The 

wurtzite structure is characterized by tetrahedral coordination, where each Zn²⁺ ion is 

surrounded by four O²⁻ ions, and vice versa. This arrangement results in a non-

centrosymmetric structure, which gives ZnO unique physical properties such as 

piezoelectricity and spontaneous polarization. These properties significantly influence crystal 

growth, etching behavior, and defect formation [17,18]. The ideal wurtzite structure is defined 

by the following lattice parameters: (a = 3.25 Å, c = 5.21 Å and Ideal c/a ratio = 1.63) 

 

 

 

 

 

Figure I-4 : Wurtzite Structure of Zinc Oxide [16] 

I.2.3.2. Electrical Properties 

Zinc oxide (ZnO) is an n-type semiconductor whose electrical resistivity can be 

controlled through doping, either by introducing excess zinc atoms into interstitial sites or  



Chapter I : Overview of TCOs and ZnO 

 
 
 

11 
 

by creating oxygen vacancies. Both mechanisms increase the concentration of free electrons, 

there by reducing resistivity. The resistivity of ZnO thin films is highly sensitive to 

preparation conditions and thermal treatment, with reported values ranging from 10⁻⁴ to 10¹² 

Ω·cm. [19] 

 Deposition temperature has a significant influence on the material’s properties : 

studies have shown that increasing the annealing temperature from 160 °C to 300 °C enhances 

electron mobility and crystallite size ; however, further temperature increases may cause 

degradation. ZnO possesses a wide, tunable bandgap centered around 3.3 eV, varying between 

2.88 eV and 3.45 eV depending on the synthesis method and dopants used [20]. 

Its properties can be improved by modifying its chemical composition or doping with 

group III elements or halide ions like F⁻ and Cl⁻. Aluminum doping enhances ZnO’s 

performance by reducing interstitial zinc and limiting oxygen adsorption, allowing for very 

low resistivity at high doping levels (up to 1020atoms/cm³). At the atomic level, ZnO consists 

of ionic bonding between Zn and O, where oxygen’s 2p orbitals form the valence band and 

zinc’s 4s orbitals form the conduction band. ZnO has a direct band gap, with both conduction 

band minimum and valence band maximum located at the Γ point, and stoichiometric ZnO 

behaves as an insulator [21,22]. 

 

 

 

 

 

 

 

 

Figure I-5: Structure de bande mesurée pour l’oxyde de zinc en symétrie Wurtzite [21] 
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I.2.3.3. Optical Properties  

The optical absorption and refraction coefficients of zinc oxide (ZnO) are strongly 

dependent on its structural and chemical quality. In its high-purity form, ZnO exhibits a 

transmittance of up to 80% in the visible spectrum, with a refractive index of approximately 

2.0. Its high absorption coefficient near 3.3 eV places ZnO among the class of transparent 

conducting oxides (TCOs) [23] 

ZnO is also known for its pronounced ultraviolet emission centered around 367 nm 

(3.37 eV), which arises from near band edge (NBE) recombination involving free or bound 

excitons. In addition, ZnO exhibits broad visible emission in the 400–600 nm range, typically 

attributed to intrinsic defects that influence both optical and electronic behavior. The most 

common structural defects include oxygen and zinc vacancies, interstitials atoms occupying 

non-ideal lattice sites [24]. 

Table (I-2): Optical properties of zinc oxide (ZnO) thin films prepared by different deposition 

methods 

Method Eg (eV) T (%) Ref 

Sol – gel                     

Spin coating 

3.312-3.381 93 [25] 

simple method 3.23-3.29  [26] 

chemical vapor 3.34-3.4 90 [27] 

chemical vapor 3.29-3.44 ⁓100 [28] 

MOCVD 3.27-3.44 93 [29] 

Spray Pyrolysis 3.25-3.30 85 [30] 

 

I.2.4. Doping of ZnO 

Doping ZnO presents significant challenges, especially in achieving p-type 

conductivity. Although group I elements (such as Li, Na, and K) and group Ib elements (such 

as Cu and Ag) act as acceptors, they are usually deep acceptors with high ionization energies, 

making them ineffective at room temperature. Additionally, at high concentrations, some of 

these elements can act as donors, compensating for the acceptors’ effects. Due to the high 
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incorporation of cations in hydrothermally grown samples, these materials exhibit high 

resistivity, making n-type doping difficult. To achieve more efficient p-type doping, group V 

elements (such as N, P, and As) are used to replace oxygen in the crystal lattice [31]. 

 However, their solubility is low, and the resulting hole density is significantly lower 

than the incorporated acceptor atoms. This leads to the formation of complexes or defect 

states that may act as donors, reducing doping efficiency. Recent research has proposed co-

doping methods, such as combining two different acceptors or mixing donors and acceptors to 

achieve better stability. [32] 

For n-type doping in ZnO, group III elements (such as Al, Ga, and In) are considered 

effective donor dopants when they substitute zinc atoms in the cation sublattice. This 

substitution leads to high free electron concentrations, often reaching up to 10²⁰ cm⁻³, 

resulting in the formation of a degenerate electron gas that significantly affects the material’s 

optical and electrical properties. Group VII elements, when incorporated at the oxygen 

(anion) site, may also act as donors. However, this doping strategy remains relatively 

unexplored in the case of ZnO. Additionally, hydrogen in ZnO consistently behaves as a 

shallow donor, which partly explains the intrinsic n-type conductivity commonly observed in 

undoped ZnO samples [33]. 

Table (I.3): Summary of different doped ZnO thin films as transparent conductors 

Ref Transmittance 

(%) 

Band gap 

(eV) 

Resistivity 

(Ω.𝑐𝑚) 

Methods Dopant 

 

 

 

[34] 

 

 

3.27-3.30 𝟏. 𝟐𝟓 ×  𝟏𝟎𝟒 dip coating B 

[35] 90   Sol-gel 

 

Mg 

[36] >85 3.15-3.17  Sol-gel 

 

Na 

 

[37] 

 

45-70 

 

3.3 

 

𝟐. 𝟗 × 𝟏𝟎−𝟐 

Spray 

Pyrolysis 

Fe 
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I.2.5. Co-doped ZnO  

          I.2.5.1. Scope of co-doped ZnO 

When ZnO is doped with cations, resistivity decreases due to the increase in donor 

electrons. However, beyond the solubility limit of the dopant, resistivity starts to increase 

again. Therefore, co-doping (dual doping) with an additional cation or anion alongside the 

primary cation dopant has been adopted to enhance electrical and crystalline properties. 

Cation-cation co-doping aims to increase the solubility of dopants, while cation-anion co-

doping provides free charge carriers from both the cation and anion. Fluorine (F) is preferred 

for co-doping as it can substitute oxygen in the ZnO lattice, introducing extra electrons into 

the conduction band (CB) and reducing scattering. This enhances carrier mobility and 

improves [38] 

Table (I-4): Summarizes the results of these trials, highlighting variances in the co-doping 

technique. 

 

 

Co-Dopant Methods 

 

Resistivity 

(Ω.𝑐𝑚) 

Transmittance 

(%) 

Ref 

Zr/F 

(ZFZO) 

Sol-gel 𝟑. 𝟖 × 𝟏𝟎−𝟑 >85 [39] 

In/Ga 

IGZO 

RF sputtering 𝟏𝟎−𝟐 90 [40] 

Al/Ga 

AGZO 

Sol-gel 

Dip coating 

18 >85 [41] 

Ti/Ga 

TGZO 

magnetron 

sputtering 

𝟔. 𝟕𝟏𝟓 × 𝟏𝟎−𝟒 ~𝟖𝟖. 𝟐𝟒 [42] 

In/F 

IFZO 

Spray 

pyrolysed 

𝟐 × 𝟏𝟎−𝟑 80 [43] 
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I.2.5.2. Co, Al Co-doped ZnO (ACZO) 

The term "ACZO" is a strategic abbreviation that high lights the key elements in this 

doped material: "A" for aluminum, "C" for cobalt, "Z" from zinc, and "O" representing oxide. 

This naming reflects the composite nature of the material. 

Al and Co co-doped ZnO (ACZO) introduces an innovative strategy for modifying 

ZnO properties by incorporating aluminum (Al) and cobalt (Co) into its crystal structure. This 

co-doping approach is designed to improve electrical conductivity and optical performance, 

making it highly suitable for applications in electronics and photonics. [44,45] 

Table (I-5): Al and Co doped and co- doped ZnO 

Dopant 

Co-Dopant 

methods T (%) Eg(eV) Resistivity 

(Ω.𝑐𝑚) 

Ref 

 

Al 

Spray Pyrolysis 90 3.30-3.55  [46] 

Sol-gel 79 3.30-3.32 7.561× 𝟏𝟎−𝟑 [47] 

Dip coating 90 3.29 2.1× 𝟏𝟎−𝟐 [48] 

 

Co 

AACVD 38-75 3.17-2.79  [49] 

Sol-gel 75 3.68-3.77  [50] 

Sol-gel ⁓90 3.22-2.84  [51] 

ACZO Sol-gel   ⁓𝟏𝟎𝟕 [52] 

ACZO Electrospray ⁓80 3.33  [44] 

 

I.2.6. Major applications of zinc oxide 

Zinc oxide is a good semiconductor with potential applications in photovoltaics, 

electroluminescent diodes, transparent conductors, capacitors, and spintronics due to its 

electrical, optical, and magnetic properties. 

a) Transparent Conductive Oxide and Solar Cells: 

Zinc oxide (ZnO) is a material from the oxide family that, in addition to being 

transparent (as it does not absorb photons with energy lower than its band gap, making it 

transparent to visible light), can become an n-type conductor if it contains an excess of 
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electrons in its crystalline structure. This excess of electrons can be generated either by 

structural defects causing an imbalance in the oxide’s stoichiometry or through doping.  

These materials are known as Transparent Conductive Oxides (TCOs). Thin ZnO 

films with good conductivity and high transparency in the visible spectrum have been used as 

transparent electrodes in solar cells. These cells are semiconductor based systems capable of 

converting solar energy into electrical energy through the photovoltaic effect, where the 

material absorbs photon energy to excite charge carriers from the valence band to the 

conduction band. In this application, ZnO can serve as a transparent electrode in the upper 

"contact" layer, allowing electric current to pass through while still transmitting light. 

Additionally, ZnO can function as an n-type semiconductor, increasing the effective surface 

area for light interaction, thereby improving solar cell efficiency. Several studies, including 

those conducted by Fahmi Machdaet al, have reported on the fabrication and characterization 

of aluminum-doped ZnO thin films as transparent conductive oxides for solar cells.[53] 

      b) Light-Emitting Diodes (LEDs) 

ZnO/Si light-emitting diodes (LEDs) were fabricated by depositing nanoscale ZnO 

onto single-crystal silicon using radio frequency (RF) magnetron sputtering. ZnO is 

considered a promising material for optoelectronic applications due to its environmental 

friendliness, ease of preparation, excellent stability, and high exciton binding energy (60 

meV). Various methods have been used to synthesize ZnO with different morphologies, 

including chemical bath deposition, vapor, liquid and solid (VLS) method, magnetron 

sputtering, and metal organic chemical vapor deposition (MOCVD). 

In the field of LEDs, significant research efforts have focused on utilizing ZnO to 

produce blue or violet emissions in the 350–420 nm range. Some researchers have combined 

the blue or violet emission from ZnO’s bandgap with green emission caused by structural 

defects to generate white light. This method eliminates the need for separate RGB LEDs and 

avoids issues related to mismatched emission layers and self-absorption during color mixing 

and conversion. However, this direct white light generation approach is highly sensitive to 

preparation conditions.[54] 
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 c) UV Photodetection and Protection     

 Radiation detectors are information converters. A photodetector absorbs an optical 

signal and converts it into an electrical signal. A photoconductive cell consists of a 

photosensitive semiconductor (ZnO) placed between two electrodes across which a potential 

difference is applied. When the surface of the photoconductor is illuminated by photons with 

sufficient energy (UV), the density of free charges increases due to the photoelectric effect, 

resulting in a measurable current. Its ability to absorb UV light makes zinc oxide a prime 

candidate for use in sunscreens. Many metal oxide materials are used in the formulation of 

cosmetic products (cream, foundation, nail polish, etc.), therapeutic products (hygiene and 

care products), or preventive products (sunscreen). Zinc oxide (ZnO) and titanium dioxide 

(TiO₂) are commonly used in sunscreens.[55] 

d) Gas Sensors         

 With the advancement of industry and science, solid-state gas sensors have become 

important for detecting toxic and flammable gases, playing a crucial role in personal safety, 

environmental monitoring, and industrial processes. These sensors are known for their low 

cost and lightweight properties. Among the materials used, metal oxide semiconductors such 

as ZnO, SnO₂, and TiO₂ have gained significant attention due to their effectiveness and gas 

sensing capabilities. In recent years, ZnO has emerged as a key gas sensing material because 

of its wide bandgap energy (3.4 eV) and its versatility in forming various nanostructures such 

as nanoparticles, nanowires, and thin films. These nanostructures increase the surface active 

sites density, thereby improving sensitivity. Furthermore, doping ZnO with elements like 

indium enhances its gas sensing properties by inducing structural and morphological changes 

that improve sensor performance. The current study aims to develop low-cost, effective 

acetylene gas sensors using indium-doped ZnO thin films with varying doping concentrations 

to enhance sensitivity and overall performance [56] 
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          e) Photocatalysts         

 It is expected that the issue of water pollution caused by textile dyes due to industrial 

growth and population increase will gain increased attention, leading to a heightened focus on 

wastewater treatment. Photocatalytic treatment is considered one of the most important 

methods used, employing semiconductors such as TiO₂ and ZnO because of their distinctive 

physical and chemical properties. TiO₂ is characterized by its high ultraviolet light absorption 

and chemical stability; however, it suffers from drawbacks such as a wide band gap and a high 

recombination rate of electron-hole pairs. On the other hand, ZnO exhibits good 

photocatalytic activity, a stable structure, and a large band gap, but it also faces issues like 

photo-corrosion and a high recombination rate. To overcome these limitations, research has 

focused on enhancing the performance of TiO₂ and ZnO by doping them with metal elements 

such as copper, silver, cadmium, and iron, which helps reduce the recombination rate and 

improve photocatalytic efficiency [57]. 

   f) Spin-Based Electronics (Spintronics)      

 The rapid advancement in microelectronics and optoelectronics primarily relies on the 

electric charge of electrons. However, another fundamental property of electrons, their spin, 

plays a crucial role in information storage within magnetic materials. In traditional electronic 

systems, transistors made of semiconductor materials transmit information through charge 

currents in conduction channels, enabling computation and dataprocessing. On the other hand, 

data storage is carried out using magnetic components, where information is encoded through 

the magnetization of magnetic materials, specifically through the spin orientation of electrons 

in the d-layer. However, electron conductivity properties are not utilized in this process, and 

spin properties are not used in traditional processing and computing units. Spintronics has led 

to a technological revolution with significant applications, most notably in hard disk data 

reading technologies. One effective method to achieve high spin polarization at room 

temperature is doping non-magnetic semiconductor oxides withmagnetic ions, leading to the 

formation of Diluted Magnetic Semiconductors (DMS). Among the most widely used 

materials in this field are titanium dioxide (TiO₂) and cobalt-doped zinc oxide (Co-doped 

ZnO) [55]. 
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Chapter II: Thin films deposition techniques 

and characterization methods 

 

This chapter is divided into two main sections. The first section focuses on deposition 

techniques, with particular emphasis on the primary method spray pyrolysis. The second 

section covers various characterization methods for thin films, including electrical, optical, 

morphological, and structural analyses. 

II.1. Deposition methods: 

Thin film technology has undergone significant development due to advancements in 

materials science and engineering. Thin films, with thicknesses ranging from nanometers to 

micrometers, are used in various applications such as electronics, optics, and energy 

generation. The unique properties of these materials at the nanoscale have enabled the 

development of devices with enhanced performance [1].  

Common deposition techniques include thermal evaporation [2], sputtering [3], 

chemical vapor deposition (CVD)[4], molecular beam epitaxy (MBE) [5], atomic layer 

deposition (ALD)[6], chemical bath deposition (CBD) [7], and plasma-enhanced chemical 

vapor deposition (PECVD)[8]. These techniques vary in their advantages and challenges, 

making them suitable for specific applications and materials [1]. Thin films of zinc oxide can 

be prepared using various physical or chemical deposition techniques, such as chemical vapor 

deposition, laser ablation, aerosol spraying or pyrolysis, the sol-gel process, cathodic 

sputtering, and others [9], as shown in the figure. 
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Figure II-1:Classification of different thin film deposition methods.[10] 

II.2. Criteria for selection of a deposition technique 

 The quality and application of the thin films determine the deposition process used. The 

initial step is to determine which process can synthesize the material to be placed. Factors 

influencing technique selection include [11]:  

✓ Type of substance to be deposited. 

✓  Determine the appropriate deposition rate and layer thickness.  

✓  The substrate-imposed restrictions.  

✓  Optimal stoichiometry.  

✓  Adhesion of deposit to substrate.  

✓ Reproducibility and cost. 

II.3. Choosing the ZnO Deposition Process 

Spray pyrolysis is one of the most commonly used techniques for preparing thin films, 

due to its speed, simplicity in implementation, and suitability for producing large surfaces 

with an average uniformity. This technique is also used to prepare thick layers. In the context 

of our work, this method was chosen for the following reasons [12]  
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II.3.1. Spray pyrolysis 

Spray pyrolysis has been used to deposit various types of thin films, which have been 

applied in numerous devices. Studies have shown that the properties of these deposited films 

are significantly influenced by the preparation conditions. Spray pyrolysis is a processing 

technique being explored in research to prepare thin and thick films, ceramic coatings, and 

powders. This technique is simple and cost-effective compared to many other film deposition 

methods. It offers an easy way to prepare films with different chemical compositions without 

requiring high-quality substrates or chemicals. It has been used for several decades in the 

glass industry and in solar cell production [13]. It has several types, among which we 

mention: Ultrasonic Spray Pyrolysis (USP) [14], The pneumatic method (PS), Electrostatic 

Spray Pyrolysis (ESP) [15], Pulsed Spray Pyrolysis (PSP) [16], Aerosol-Assisted Spray 

Pyrolysis (AASP) [17]. 

In this work, we employed the pneumatic pyrolysis spray (PSP) technique, which 

relies on a moderately pressurized air stream to transport a solution containing the desired 

precursors. Atomization occurs at the nozzle outlet, where the air flow breaks the liquid into 

fine droplets. These droplets are directed onto a heated substrate, allowing the solvent to 

evaporate rapidly while the precursors under go thermal decomposition, leading to the 

formation of a uniform thin film. This method offers good control over film thickness and 

composition, and is particularly effective for depositing metal oxide layers on various types of 

substrates. 

II.3.1.1.Definition of spray pyrolysis 

The "spray pyrolysis" method is a suitable technique for preparing thin films. The 

term "spray" in English refers to the release of a liquid (such as perfume, deodorant, or 

insecticide) in the form of a fine mist of droplets. "Pyrolysis," on the other hand, is derived 

from the word "pyrolytic," which refers to heating the substrate. In this process, thermal 

decomposition of the source occurs in order to release a metal or a chemical compound. The 

temperature of the substrate provides the necessary energy, known as activation energy, to 

initiate the chemical reaction between the compounds [18]. 
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II.3.1.2. Principle 

A solution containing the various components of the material to be deposited is 

sprayed in fine droplets, either using a conventional pneumatic system or an atomizer with an 

ultrasonic generator. These systems convert the solution into a fine mist of droplets, each with 

a diameter of a few tens of micrometers (μm). The mist is directed onto the surface of 

substrates that are heated to a temperature sufficient to decompose the dissolved precursor 

products in the solution and initiate the reactions that will produce the desired material. At 

these temperatures, some by-products of the reactions (volatile elements) are immediately 

eliminated, leaving only the compound to be deposited on the substrate. The process of film 

formation by the pyrolytic spraying method, known as "Spray Pyrolysis," can be summarized 

as follows: 

• Formation of droplets at the nozzle. 

• Decomposition of the precursor solution on the heated substrate surface through 

pyrolysis reactions [19]. 

 

 

 

 

 

 

Figure II-2:Spray pyrolysis techniques [20] 

 

II.3.1.3. Model for film deposition by spray pyrolysis: 

Thin-film deposition using spray pyrolysis involves three main steps: atomization of the 

precursor solution, transportation of the resulting aerosol, and decomposition of the precursor 

on the substrate. There are many complex processes occurring during this process, such as 
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droplet evaporation, spreading on the substrate, drying, and decomposition, making it difficult 

to model them directly. Understanding these processes will help improve film quality. 

✓ Atomization of precursor solution 

The atomization of liquids is essential in spray pyrolysis techniques, using air blast, 

ultrasonic, and electrostatic atomizers. The effect of liquid properties on these processes has 

been studied, with emerging techniques like electrostatic atomization offering precise control 

over droplet size distribution. Important modes in this process include the "cone-jet" mode, 

where the liquid is distorted into a conical shape, and the "multi-jet" mode, which occurs 

when the applied voltage increases, leading to more jets being formed 

✓ Aerosol transport 

The transport of droplets and solvent evaporation during the spray pyrolysis process 

have been studied, where droplets are transported to the substrate without forming powder or 

salt particles. Several forces, such as gravitational, electric, thermophoretic, and temperature 

gradients, influence the trajectory and evaporation of the droplets. The formation of a porous 

crust or hollow particles occurs due to rapid solvent evaporation and slow solute diffusion. 

Studies show that smaller droplets produce solid particles due to faster solute diffusion inside 

the droplet, while larger droplets lead to the formation of undesirable hollow particles. 

Additionally, increasing the number of droplets reduces the likelihood of hollow particle 

formation and impacts the evaporation and precipitation rates. 

✓ Decomposition of precursor 

During decomposition of the precursor, several operations take place simultaneously 

(evaporation of residual solvent, spreading of the droplet, and salt decomposition). Substrate 

temperature and droplet size significantly affect the quality of the deposited film [21] They 

are identified in Figure (II-3). 
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FigureII-3: Schematic of aerosol transport by Sears et al. [10] 

II.4. Characterization Methods: 

After producing thin films, it is critical to perform a number of characterization tests. 

These tests contribute to the investigation and optimization of parameters such as deposition 

temperature, doping concentration, and flow rate. These layers will be subjected to a variety 

of characterization approaches in order to better understand their properties and performance. 

The methods used to characterize thin films are as follows: 

    II.4.1. Thickness Measurements 

Four techniques can be used to measure the thickness of deposited films: the Scanning 

Electron Microscope (SEM), which provides high precision for thick films but struggles to 

measure thin films, profilometry, which is used to measure thickness easily and accurately 

without the need for complex sample preparation, and spectrophotometry, which relies on 

interference in the transmission spectrum to determine thickness [22]. Additionally, there is 

another method for measuring the thickness of films using the mass difference method, where 

the thickness is determined based on light absorption in the spectrophotometer, taking into 

account the surface area and the density of the studied thin film. Due to the limitations of 

SEM and spectrophotometry in certain cases, profilometry is considered the optimal choice 

for measuring the thickness of thin films [23]. 

                                     𝑡 =
∆𝑚

𝑠𝜌
                                      (𝐼𝐼. 1) 

Where: S and ρ are respectively the surface area and the density of the studied thin film. 
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II.4.2. Structural Characterization: 

II.4.2.1.X-Ray Diffraction: 

X-ray diffraction (XRD) is a widely used technique for investigating the structural 

properties of materials. X-rays, with wavelengths between 0.1 and 10 Å, belong to the 

electromagnetic spectrum and are well-suited for probing atomic-scale structures. They 

exhibit dual characteristics: wave-like and particle-like. In the particle-like case, X-rays can 

be considered as a group of particles traveling at the speed of light, and their energy is given 

by the equation [24]: 

𝐸 = ℎ𝜈 =
ℎ𝑐

𝜆
                                   (II. 2) 

where h is Planck’s constant. 

X-ray diffraction allows for determining the structure, crystalline phase, lattice parameters, 

crystallite size, and the stresses exerted on the layer during deposition. The principle of this 

technique is based on Bragg's equation [25,26]: 

                                                   2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃 = 𝑛𝜆                                      (𝐼𝐼. 3) 

 

 

 

 

 

 

 

 

FigureII-4: The principle of the diffractometer (XRD) [24] 



Chapter II: Thin films deposition techniques and characterization methods 

 
 
 

32 
 

 

 

 

 

 

 

 

   

 

                                                                                                                                                                       

Figure II-5: X-Ray Diffraction [27] 

where 𝑑ℎ𝑘𝑙 is the interplanar distance between planes defined by the Miller indices (ℎ, 𝑘, 𝑙), 

𝜃is the angle of incidence of the X-rays on the surface of the material under study, 𝑛is the 

diffraction order, and 𝜆 is the wavelength of the X-ray beam.By combining Bragg's law, 

which relates the interplanar distance of a crystal to the Miller indices, it is possible to 

determine the angles at which the (ℎ𝑘𝑙) planes diffract, based on a Lattice parameters refer to 

the dimensions of a unit cell. In the case of the hexagonal wurtzite structure, as in our study of 

ZnO, we focus on two main parameters: the distance between two adjacent zinc atoms in a 

horizontal plane α and the largest distance between two zinc atoms in two adjacent planes c. 

The interplanar distance 𝑑ℎ𝑘𝑙 is related to the lattice parameters as well as the Miller indices 

by the following relation [28,29]: 

1

𝑑ℎ𝑘𝑙
2 =

3

4
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
                                        (𝐼𝐼. 4) 

𝑑ℎ𝑘𝑙: Interreticular distance.                                                                                                                         

c, a: Crystal parameters.                                                                                                                                           

(hkl): Miller indices. 
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The lattice parameters (a=b, c) have been calculated using the following equation [30,31]: 

 𝑎 =
𝜆

√3 𝑠𝑖𝑛 𝜃(100)

                              (𝐼𝐼. 5) 

𝑐 =
𝜆

𝑠𝑖𝑛 𝜃(002)
                                     (𝐼𝐼. 6) 

II.4.2.2. Measurement of Grain Size, dislocation density and strain: 

Among the main applications of X-ray diffraction, this technique is used to calculate the 

grain size of different samples. To ensure accurate grain size values for our films, we used the 

Scherrer equation [32,33]. 

𝐷 =
0.94𝜆

𝛽 𝑐𝑜𝑠 𝜃
                                            (𝐼𝐼. 7) 

Where: 

• D is the grain size (in nanometers). 

• λ is the wavelength of the X-ray beam (λ = 0.154183 nm). 

• θ is the diffraction angle (in radians). 

• ꞵ is the full width at half maximum (in radians). 

The dislocation density (𝛿) in the thin film can also be calculated using the grain size (D) with 

the following relation [34]: 

                                                     𝛿 =
1

𝐷2                                                     (𝐼𝐼. 8) 

The strain induced in the film was calculated using the relation [10,35] 

                   ε =
β cos θ

4
                                            ( II. 9) 

 

    II.4.2.3. Determination of Stresses   

    Stresses are internal forces within the material. The relationship that links stresses 

(𝜎𝑖𝑗[𝑃𝑎]) , straintensors ( 𝜀𝑘𝑙), and elastic constants (𝐶𝑖𝑗𝑘𝑙)is given by the following 

equation: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 ∙ 𝜀𝑘𝑙                                         (𝐼𝐼. 10) 
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The internal stresses of ZnO can be calculated using the following equations [36,37] 

𝜎 = −238,2 (
𝑐 − 𝑐0

𝑐0
)                             (𝐼𝐼. 11) 

where c0 = 5.2066Å is the bulk standard lattice constant of ZnO along the c-axis according to 

the JCPDS: 36-1451.and c is lattice parameter of thin films deposited.  

These stresses affect the crystal structure by causing either compressive or tensile 

displacement as shown in the figure II-6. 

 

 

 

 

 

 

 

 

 

 

 

Figure II-6: Peak Shift and Strain Type in XRD Pattern [38] 
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II.4.3. Optical Characterization                                                                                       

II.4.3.1. UV-visible spectroscopy   

          UV-Visible spectroscopy is a non-destructive optical characterization technique that 

allows working with small quantities of substances. It is used in a wide range of analytical 

applications, providing information about the optical properties of the sample, such as light 

transmission and absorption, estimation of the optical gap, and crystallite sizes. In some cases, 

it can also provide information about the sample's thickness and even its optical constants. 

The principle of this technique is based on the interaction of emitted light with the 

sample being analyzed. Part of the incident beam is absorbed or transmitted by the sample. 

When a substance absorbs light in the ultraviolet and visible range, the absorbed energy 

causes disturbances in the electronic structure of the atoms, ions, or molecules. One or more 

electrons absorb this energy and jump from a lower energy level to a higher energy level. 

These electronic transitions occur in the visible range between 350 and 800 nm, and in the 

ultraviolet range between 200 and 350 nm.[39] 

 

Figure II-7: Schematic representation of the UV-Visible spectrophotometer [40] 
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     II.4.3.2. Optical Band Gap                  

 By analyzing the transmission spectrum of a given layer, the absorption coefficient 

α\alphaα of the material constituting the layer can be calculated using the Bouguer-

Lambert-Beer relation, commonly known as Beer's law [41]: 

𝑇 = 𝑇0𝑒−𝛼𝑡                                                                (𝐼𝐼. 12) 

If the transmittance T is expressed as a percentage, the absorption coefficient is given by the 

following formula [42,43]: 

𝛼 =
1

𝑡
𝑙𝑛 (

100

𝑇(%)
)          and         𝛼 =

4𝑘

𝜋𝜆
                        (𝐼𝐼. 13) 

Where: 

• t is the thickness of thin films. 

• T is the transmittance. 

• k is the extinction coefficient. 

• λ is the wavelength of light. 

the determination of the optical gap is based on the model proposed by Tauc, where 𝐸𝑔 is 

related to the absorption coefficient α by the following equation: [44,45] 

                                          (𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                        (𝐼𝐼. 14) 

Where : ℎ𝜈 is the photon energy, 𝐸𝑔 is optical gap n and 𝐴 are constants, n characterizes the  

optical type of transition and takes the values 2, 1/2 (2 for allowed direct transitions or ½ for 

allowed indirect transitions). 

Thus, by plotting (αhν)² as a function of photon energy (hν), and by extrapolating the linear 

portion of the (αhν)² curve to intersect the x-axis (i.e., where (αhν)² = 0), we can determine 

the value of Eg. 

                                       ℎ𝜈(𝑒𝑉) =
ℎ𝜈

𝜆
=

1240 

𝜆(Å)
                                                 (𝐼𝐼. 15) 
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Figure II-8: determination of the gap [46] 

    II.4.3.3. Urbach Energy 

In general, during optical absorption near the band edges, electrons are excited from the 

top of the valence band to the bottom of the conduction band across the energy band gap. 

During this transition process, if these electrons experience disorder, it leads to the tailing of 

the density of states ρ(hν), where hν is the photon energy, into the energy gap. This tail 

extending into the gap energy is called the Urbach tail. As a result, the absorption coefficient 

α(hν) also decays exponentially, and the energy associated with this decay is referred to as the 

Urbach energy, which can be calculated using the following equation  

                                   𝛼(ℎ𝜈) = 𝛼0𝑒𝑥 𝑝 (
ℎ𝜈

𝐸𝑢
)                                         (𝐼𝐼. 16) 

      Where  𝛼0 is a constant, hν is the photon energy, and Eu is the Urbach energy. The 

Urbach energy is determined by plotting ln(α) versus hν and fitting the linear portion of the 

curve with a straight line. The reciprocal of the slope of the linear region gives the Eu value. 

The Eu values of the samples decrease in the case of crystallization at higher temperatures. 

This is because the Urbach energy in glassy semiconductors fundamentally defines the level 

of disorder, and crystallization and the resulting order from this process reduce the Eu 

value.[47] 
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FigureII-9 Urbach energy determination [48] 

 

          II.4.3.4. Refractive index 
            The correlation between the refractive index and the energy band gap in 

semiconductors has attracted significant research interest over the past decades. This line of 

study began with the semi-empirical relation proposed by Moss in 1950. Since then, 

numerous similar relations have been introduced to estimate the refractive index of materials. 

In this section, we review and analyze the most prominent of these relations as reported in the 

scientific literature, as they are widely used to calculate the refractive index based on the 

energy band gap [49,50]. 

Ravindra relation:                         n = 4.048 − 0.62Eg                                      (II. 17) 

Herve–Vandamme relation:         n2 = 1 + [
A

B+Eg
]2                                           (II. 18) 

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

II.4.4. Morphological Characterization of Thin Films 

    II.4.4.1. Scanning Electron Microscope (SEM)  

The Scanning Electron Microscope (SEM) uses electrons to produce high-resolution 

images with a large depth of field, allowing detailed observation of conductive samples. Its 

ease of sample preparation and exceptional magnification and focus make it essential in 

modern research and development. 
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The electron flow passes through a condenser lens and is focused onto a very small 

point on the sample by the objective lens. When the electron beam strikes the sample, 

secondary electrons are produced and collected by a secondary detector or backscattered 

electron detector, then converted into a voltage and amplified. This amplified voltage is 

applied to the Cathode Ray Tube (CRT) screen, where it alters the intensity of the light spot, 

creating an image made up of varying light spots corresponding to the sample's topography. 

SEM must always be used in a vacuum to prevent sample contamination or ionization 

of background gases, which can affect the measurements [51]. 

 

Figure II-10: The interaction of electron beam with specimen and the signal emitted from the 

sample [52] 
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Figure II-11: A photograph showing three major sections of the SEM: the electron column, 

the specimen chamber, and the computer control system [53] 

II.4.4.2. Energy dispersive X-ray spectroscopy (EDS or EDX) 

  EDX (Energy Dispersive X-ray) spectroscopy is used to detect the elemental composition 

of a substance using a Scanning Electron Microscope (SEM). It can detect elements with 

atomic numbers higher than boron at concentrations as low as 0.1%. The technique works by 

stimulating the sample with an electron beam, which results in the emission of characteristic 

X-rays that can be used to identify the elements and measure their concentrations. The 

emitted X-rays are divided into two types: X-ray continuum (generated by the deceleration of 

electrons) and characteristic X-rays (produced when an electron from an outer shell fills the 

inner shell vacancy). EDX is used in applications such as material evaluation, contamination 

detection, spot analysis, and quality control screening.[54] When a high-energy electron 

strikes the sample, it may eject an electron from the inner shell of an atom, leaving behind a 

vacancy. Electrons from higher energy levels then drop down to fill this vacancy in the inner 

shell, and during this transition, a photon is emitted with an energy equal to the difference 

between the two energy levels (FigureII.12). The emitted photon typically falls within the X-

ray frequency range of the electromagnetic spectrum [55] 
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FigureII-12: Scheme of X-ray excitations in EDX analysis [55] 

 

II.4.4.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy is a powerful technique for identifying materials by analyzing 

their absorption or reflection of electromagnetic radiation. It reveals structural information, 

especially the nature of cation–oxygen bonds, as vibrational frequencies depend on cation 

mass, bond type, and lattice parameters. The spectra provide both qualitative data identifying 

chemical groups based on absorbed wavelengths and quantitative data estimating their 

concentrations through absorption intensity. 

This technique is effective for analyzing almost all types of samples, regardless of their 

physical state or surface condition. The measurement principle involves detecting the amount 

of light absorbed as a function of wavelength during the interaction between radiation and 

matter, typically within the 4000–400 cm⁻¹ range. Absorption occurs when the radiation 

frequency matches a vibrational frequency of molecules or atomic groups, and this frequency 

depends on the bond nature, atomic masses, and the surrounding environment. Spectra are 

commonly obtained using interferometers and processed through Fourier Transform Infrared 

Spectroscopy (FTIR) [56]. 
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FigureII-13: infrared spectrometer [56] 

II.4.5. Electrical Characterization 

 II.4.5.1. Four-point-probe Method 

The four-point probe technique is designed to measure the resistivity of semiconductor 

materials, whether in bulk form or as thin films, with different formulas applied depending on 

the sample type. The method is based on a simple principle : an electric current is applied 

through the outer probes, while the voltage is measured between the inner probes. This setup 

allows for accurate determination of the sample’s resistivity. A schematic diagram of the 

setup is shown below. Figure (II-14) illustrates the four-point probe measurement setup, 

where a current (I) is passed through the sample and the voltage (V) is measured as shown. 

The specific resistivity (ρ)of the sample can then be calculated [57]. 
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FigureII-14: Schematic of a square 4Pprobe configuration [58] 

          II.4.5.2. Electrical Resistivity Measurement 

Unlike a bulk sample, measuring the electrical properties of this thick sheet requires that 

the sample thickness the less than the distance between the probes. This is because the electric 

current overlaps at the ends of the outer probes, leading to a modified resistance calculation, 

which is given by [59]:  

                      𝑅𝑠 =
𝜋𝑉

𝑙𝑛2 𝐼
                                                           (𝐼𝐼. 19) 

The resistivity ρ can be calculated using the following equation: 

                      𝜌 = (
𝜋𝑡

𝑙𝑛2

𝑉

𝐼
) . 𝑡 = 𝑅𝑠 . 𝑡                                    (𝐼𝐼. 20) 

The electrical conductivity σ is then the reciprocal of the resistivity: 

                                             𝜎 =
1

𝜌 
                                                                  (𝐼𝐼. 21) 
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 Chapter III Experimental Results and Discussion 

In this chapter, thin films of zinc oxide doped with aluminum, cobalt, and co-doped 

with both (Al–Co) were prepared using the pneumatic spray pyrolysis technique. The 

structural, optical, and electrical properties of these films were studied in order to evaluate the 

effect of the dopant type on the microstructure, optical response, and electrical behavior of the 

prepared samples. 

III.1. Experimental method  

III.1.1. Pneumatic spray pyrolysis technique 

This work was completed in the Thin Films Laboratoryand applications (LPCMA) at 

the University of Biskra. Pneumatic spray pyrolysis (PSP) is the process used to deposit our 

thin films. As shown in the figure III-1. 

 

 

 

 

 

 

 

 

 

 

Figure III-1: Spray Pyrolysis Device 

 

Deposition device components: 

1. include a sample holder and heated plate.  

2. A temperature regulator is attached to a thermocouple to monitor the temperature.  

3. Use the atomizer to reduce the solution to fine droplets.  

4. Air compressor.  
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5. Solution vial.  

6. Thermocouple.  

III.1.2 Preparation of substrates and precursor solutions 

III.1.2.1 Preparation of substrates  

a) Choice of the substrate : Glass slides of identical dimensions (L = 25 mm, W = 15 mm 

Characterized by 

✓ Its thermal expansion coefficient is similar to that of ZnO (𝛼 = 8,5 ×

10−6𝐾−1, 𝛼𝑧𝑛𝑜=7,2× 10−6𝐾−6)[1,2], which helps reduce stress at the 

layer/substrate interface. 

✓ It is an economical choice. 

✓ The transparency of glass makes it ideal for optical characterization of films in 

the visible spectrum. 

b) Cleaning the substrate: Adherence and quality of thin films are mostly determined by 

their purity and surface condition. To clean the substrate surface, perform the steps 

below:  

✓ Use a pen with a diamond point to cut substrates.  

✓ Clean using a soap solution.  

✓ Rinse with distilled water.  

✓ Rinsing with acetone for 5 minutes.  

✓ Rinse with distilled water.  

✓ Rising with ethanol for 5 minutes 

✓  Drying with a dryer. 

III.1.2.2 Preparation of solutions 
In this study, four types of ZnO thin films were prepared: undoped ZnO, ZnO doped 

with 1% aluminum (AZO), ZnO doped with 1% cobalt (CZO), and ZnO co-doped with 1% 

aluminum and 1% cobalt (ACZO). The concentration of the solutions was maintained at 

0.1mol/l, The films were deposited on glass substrates using the spray pyrolysis technique. 

Zinc acetate [C₄H₆O₄Zn·2H₂O] was used as the precursor, while distilled water served as the 

solvent. Aluminium chloride hexahydrate [Al𝐶𝑙3. 6𝐻2𝑂] and cobalt (II) chloride hexahydrate 

[CoCl₂·6H₂O] were employed as doping sources. Each solution was prepared by dissolving 
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the appropriate compounds in 20 mL of distilled water. The mixtures were magnetically 

stirred to ensure complete dissolution. A few drops of hydrochloric acid were added to 

enhance homogeneity and accelerate the dissolution process, resulting in clear and 

homogeneous precursor solutions ready for deposition. 

III.1.2.3 Deposition of thin films 

After preparing the four solutions (ZnO, AZO, CZO, ACZO), the glass substrates are 

carefully cleaned and weighed using a sensitive balance to record their initial mass. The 

substrates are then placed on a hot plate, and their temperature is gradually raised from room 

temperature to 400 °C using a precise temperature controller connected to a thermocouple for 

accurate monitoring and thermal regulation. 

Once the desired temperature is reached, the spray bottle is filled with the ZnO 

solution using a clean syringe, and the substrates are sprayed for five minutes. The substrates 

are then left to cool gradually in air until they reach room temperature, allowing the film to 

adhere properly to the surface. After complete cooling, the substrates are reweighed to 

determine the change in mass, which is used to estimate the film thickness. 

❖ Properties of the used elements 

Table (III-1) Physical and chemical properties of Zinc acetate, Aluminium chloride 

hexahydrate and Cobalt chloride hexahydrate 

Materials 

Properties 

Zinc acetate Aluminium chloride 

hexahydrate 

Cobalt chloride 

hexahydrate 

Chemical formula Zn𝐶4𝐻6𝑂4. 2𝐻2𝑂 Al𝐶𝑙3.6𝐻2𝑂 Co𝐶𝑙2.6𝐻2𝑂 

Volumetric weight 1.73g /𝑐𝑚3 2.44g /𝑐𝑚3 1.92 g/𝑐𝑚3 

Molecular weight 219.5g/ mol 241.43g/m 237,93g/mol 

Melting temperature 237℃ 192℃ 86℃ 

Solubility Soluble in water 

and methanol 
Highly soluble in water Highly soluble in 

water 
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❖ Experimental conditions: The following table outlines the experimental conditions 

used in the study 

Table (III-2): Experimental conditions 

Samples 

Doping 

concentration. 

(wt%) 

Substrate 

temperature 

(° C) 

Molarity of 

the solution 

(mol / l) 

Duration of 

spraying 

(min) 

Distance the 

atomizer  from the 

substrate (cm) 

ZNO unpoded  

 

400 

 

 

0.1 

 

 

 

5 

 

 

12 

AZO 1%Al 

CZO 1%Co 

ACZO 1%Al;1%Co 

 

III.2 Results and discussions 

III.2.1 Growth rate of the films  

The growth rate was calculated by dividing the films thickness by the deposition 

time(5 minutes), we used the weight difference technique to calculate the thickness . Thickness  

and growth rate of  our thin films ( ZnO, AZO, CZO and ACZO ) As shown in the following table 

Table (III- 3) : Thickness  and growth rate of  ACZO thin films. 

 ZNO AZO CZO ACZO 

t(nm) 520 480 390 150 

Growth rate (nm /min) 104 96 78 30 
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Figure III-2: Variation of growth rate ZnO / AZO / CZO / ACZO 

Figure (III-2) presents the variation in thin film growth rate for different doping 

configurations. The undoped ZnO sample exhibited the highest growth rate, reaching 

104 nm/min, indicating a rapid deposition of material onto the substrate. Upon doping with 

aluminum (AZO), the growth rate slightly decreased to 96 nm/min, suggesting a minor 

influence of Al³⁺ ions on the deposition kinetics [3].  

The CZO sample, doped with cobalt, showed a further reduction in growth rate to 

78 nm/sec, likely due to the incorporation of Co²⁺ ions affecting the crystal growth 

mechanism These incorporation can be attributed to the agglomeration which formed during 

the film growth.[4].  

The co-doped ACZO sample exhibited the lowest growth rate of 30 nm/min, likely 

due to the simultaneous incorporation of Al³⁺ and Co²⁺ ions, which induce lattice distortions 

that hinder crystal growth and decrease nucleation efficiency. 
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III.2.2 Structural properties  

III.2.2.1.X-ray Diffraction Spectrum (XRD) 

X-ray diffraction results were obtained using the "Rigaku MiniFlex 600" device in the 

Thin Films and Their Applications Laboratory LPCMA, using CuKα radiation with a 

wavelength of 1.541874 Å. All samples were scanned within the angular range of 20° to 60°. 

Figure (III-3) shows the X-ray diffraction patterns of ZnO, AZO, CZO, and ACZO thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-3:X ray Diffractogram of thin films 

 

The XRD spectra of ZnO, AZO, CZO, and ACZO films are presented in Figure (III-3) 

The (100), (002) and (101) diffraction peaks were observed. These peaks are in good 

agreement with the JCPDS reference file (No 36-1451) [5], which confirms the hexagonal 

structure of wurtzite type for all the elaborated layers and the polycrystalline structure, Sifei 
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Shao et al also found similar results in their study [6], observing the same peaks at these 

angles, confirming the regular hexagonal structure of the ZnO films. No peak belongs for any 

other phase which indicates the successful doping process and the singularity of the ZnO 

phase. This suggests that cobalt and aluminum doping did not affect the wurtzite ZnO crystal 

structure or its preferential c-axis orientation. 

Additionally, minor peaks corresponding to the (102) and (110) planes appeared at 2θ 

angles of 47.57° and 56.57. The results indicate that Co²⁺ and Al³⁺ ions were replaced into 

Zn²⁺ ion sites or integrated into interstitial locations inside the ZnO lattice [7,8]. The intensity 

of the (100) and (101) peaks decreases with Al doping, while Co doping leads to an increase 

in the intensity of all peaks, particularly in the (002) plane [9]. 

 

Figure III-4: JCPDS NO. 36-1451 folder 

From Figure (III-5), it can be seen a slight shift in the position peak (002) towards a 

higher 2θ angle with Co and Al doping compared to the bulk values (2θ = 34.42) attributed to 

the substitution of Zn²⁺ ions (0.74 Å) with smaller Co²⁺ (0.65 Å) and Al³⁺ (0.54 Å) ions. This 
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ionic replacement induces lattice contraction, particularly along the c-axis, resulting in 

reduced interplanar spacing. According to Bragg’s Law, this contraction leads to an increase 

in the diffraction angle, indicating the presence of compressive lattice strain. Similar 

observations were reported by C.-L. Tsai et al., who linked the shift to variations in dopant 

concentration. C.-L. Tsai et al [10] reported that a slight shift in thepeak position of the (002) 

plane was observed, which is due to the variation in the doping of both cobalt and aluminum 

in the films [11,12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-5 : XRD patterns of (002) diffraction peak. 

III.2.2.2. Crystallite size        

 The crystallite size of ZnO thin films varies significantly with the type of doping, as 

calculated using the Scherrer equation (Equation II-7). 
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The variations in crystallite size as a function of dopant type are shown in Figure (III-

6). It was found that the undoped zinc sample exhibited a crystallite size of 35.82 nm, which 

is consistent with previous studies [13]. Al-doping reduced the crystallite size to 28.99 nm due 

to lattice strain induced by the smaller Al³⁺ ions, consistent with findings by T. Ratana et al 

[14]. In contrast, Co-doped ZnO (CZO) showed the largest crystallites (46,11 nm) as observed 

by Anfal Ali Shakir [15]. This can be attributed to the closer ionic radius of Co²⁺ (0.65 Å), 

resulting in improved crystallinity, as confirmed by the XRD patterns. Co-doping with Al and 

Co yielded an intermediate crystallite size (35.87 nm), reflecting a balance between grain 

growth promotion and suppression. 

 

 

 

Figure III-6: Variation in the crystallite size of ZnO, AZO, CZO, and ACZO samples. 
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Table (III-4): crystallite size of thin films 

 

III.2.2.3 Dislocation density, strain and stress  

The findings of crystallite size (D), dislocation density (𝛿) strain (𝛆 ) and internal 

stress (σ) are presented in Table (III-5); Fig (III-7) As observed the inverse relation between 

both parameters (crystalline size et strain). the CZO thin films exhibited a high crystallite size 

accompanied by minimal strain. This indicates an enhancement in crystalline characteristics 

and fewer surface defects. As explained by XRD results. This phenomenon is ascribed to the 

compressive strain induced by the disparity in ionic radii among the dopant and zinc ions, 

resulting in defect generation within the crystals.[16]. These values indicate significant 

distortions in the crystal lattice [17,18]. 

samples hkl 2θ (°) D(nm) 𝑫𝒎𝒐𝒚(𝒏𝒎) 

 

ZNO 

(100) 31,82 

 

31,0570  

 

 

35,8287 

 

(002) 34,49 

 

31,0571 

 

(101) 36,29 

 

44,8583 

 

 

AZO 

(100) 31,76 

 

22,4290 

 

 

 

 

28,997 

 

(002) 34,51 

 

28,8360 

(101) 36,29 

 

33,6342 

 

 

CZO 

(100) 31,79 

 

40,3677 

 

 

 

 

46,1162 

 

(002) 34,52 

 

40,3292 

(101) 36,32 

 

57,6518 

 

 

ACZO 

 

(100) 31,80 

 

33,6341 

 

 

 

 

35,8787 
(002) 34,50 

 

33,6379 

(100) 36,28 

 

40,3679 
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Table (III-5):Structural parameters of thin films 

 

 

Figure III -7 : Variation in the crystallite size and strain of ZnO, AZO, CZO, and ACZO 

samples. 

III.2.2.4 lattice parameters 

Table (III-6) presents the experimental values of the lattice parameters a and c and the 

c/a ratio for thin film samples (ZnO, AZO, CZO, ACZO), calculated based on equations (II-5 

and II-6) described in Chapter II. The c lattice parameter ranges between 5.196 Å and 5.192 

Å, while a ranges between 3.249 Å and 3.244 Å, as shown in Figure (III-8) and Figure (III-9). 

Samples D (nm) 𝛿 (x 𝟏𝟎𝟏𝟒line/𝒎𝟐) 𝛆 × 𝟏𝟎−𝟒 σ GPa 

ZnO 35,8287 

 
8,566 10.1 0,446 

 

AZO 28,997 

 
13,57 12,4 0,581 

CZO 46,1162 

 
5,027 7,80 0,625 

 

ACZO 35,8787 6,36 10.08 0,536 
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It is worth noting that other studies have reported very similar values [19,20]. It was observed 

that the c/a ratio gradually decreases across the samples gradually decreases compared to the 

undoped sample ZnO. ranging from 1.602 1.598, indicating lattice strain caused by doping 

with elements such as Al and Co (see table III-6and figure III-8), which leads to slight 

distortions in the lattice dimensions. This variation is attributed to compressive strain within 

the crystal structure, as illustrated in Figure III-5[21].  

Table (III-6) lattice parameters of thin films  

samples a (Å) 𝒂𝟎 𝒄𝟎 c(Å) c/a 

ZnO  

3,244 

 

 
 
 
 
 

3,25 

 

 

 

 

 

5,21 

5,196 

 

1,602 

AZO 3,249 

 

5,193 
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CZO 3,247 
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1,599 

ACZO 3,245 

 

5,194 

 

1,600 

 

 

Figure III-8: Variation in Lattice Parameters c and stress in ZnO, AZO, CZO, and ACZO 
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Figure III-9 : Lattice parameters a and c of ZnO/AZO/CZO/ACZO 

III.2.3. Optical properties 

  III.2.3.1. Transmittance spectra  

In this study, the ASCOV-770UV-VIS spectrophotometer was used to measure the 

optical transmittance spectra of thin films within the wavelength range of 300 to 900 nm, as 

shown in Figure III.10. The graph illustrates the relationship between optical transmittance 

(T%) and wavelength (λ) for ZnO, AZO, CZO and ACZO. 

The results show that all thin films exhibit low transmittance in the ultraviolet region 

(300–400 nm), and the absorption edges shift to longer wavelengths when doped with Al and 

Co. In the visible range (400–800 nm), the optical transmittance generally increases, typically 

ranging between approximately 80% and 95%, which is consistent with values reported in 

other studies [22, 23]. At a wavelength of 550 nm, the transmittance of ZnO is approximately 

87.402%, that of the AZO sample is about 90.57%, the CZO sample reaches 89.26%, while 

the ACZO shows the highest transmittance at 93.37%. 
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Figure III- 10: Transmittance spectra of ZnO/AZO/CZO/ACZO thin films  

It can be observed from Figure (III-11) that transmittance at 550nm is inversely 

proportional to the thickness, similar observation has been found by researchers [24,25]. As it 

is known the transmittance is depending on thickness of samples according to Beer-Lambert 

law (see chap. II).  

 

Figure III-11: Variation of average transmittance and thikness of thin films at 550nm 
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III.2.3.2. Band gap energy and Urbach energy    

 The optical band gap of ZnO films was determined based on UV-VIS transmission 

measurements by plotting (αhν) ² as a function of hν, using the equation II-14 presented in 

Chapter II, as shown in Figure III-12 

 

Figure III-12: The plot (𝛼ℎ𝑣)2 versus (hv) for the calculation of the optical                                          

band gap energy Eg 

The results in table III-7 indicate that the optical band gap (Eg) decreases upon doping 

ZnO with aluminum and cobalt, compared to undoped ZnO (3.281 eV). The recorded values 

are 3.253 eV, 3.268 eV, and 3.244 eV for the different samples AZO, CZO and ACZO 

respectively, Similar values have been reported in previous studies. [26-29] 

In the figure III-13, an inverse relationship is observed between optical band gap and 

Urbach energy. The incorporation of dopants into ZnO thin films results in a decrease in the 

optical band gap and an increase in the Urbach energy, reflecting the introduction of structural 

disorder and localized defect states. The undoped ZnO sample exhibits a band gap of 3.281 

eV and a low Urbach energy of 0.341 eV, while doped samples show reduced band gaps to 
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3.244 eV and increased Urbach energies to 0.401 eV. This confirms that dopant incorporation 

distorts the lattice and creates localized states that modify the electronic structure [28]. 

Moreover, Table (III-7) displays the refractive index values for ZnO, AZO, CZO, and 

ACZO thin films the changes in the refractive index resulting from doping, calculated using 

the Ravindra, Herve and Vandamme models, which significantly affect the optical and 

transport properties of ZnO thin films [30]. 

 

Figure III-13 : Values of the band gap and the Urbach energy of 

ZnO/AZO/CZO/ACZO thin films. 

  Table (III-7) Optical properties of thin films 
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III.2.3. Electrical properties 

The electrical properties of ZnO, AZO, CZO, and ACZO thin films were studied using 

the four-point probe technique. The absence resistivity value for the ACZO sample is likely 

due to issues during deposition or measurement with the four-point probe, which may have 

affected the accuracy of the electrical properties. The resistivity values and figure of merit are 

shown in the table III-8. 

Table (III-8): Electrical properties of thin films 

 

The following figure illustrates the variation in electrical resistivity and crystalline size of 

undoped and doped ZnO thin films (ZnO. AZO and CZO): 

 

Figure III- 14: Resistivity and Band gap of ZnO/AZO/CZO thin films 
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The results for ZnO, AZO, and CZO show that resistivity decreases progressively with 

doping (from 8160 to 0.021 Ω·cm), while the cristalline size increases (from 28,99 nm to 

46,1162 nm), the decrease in resistivity in the CZO sample can be attributed to the increase in 

grain size, which reduces the number of grain boundaries within the crystal structure. This 

reduction decreases the density of structural defects, as illustrated in Figure III.14. 

Consequently, the improvement in crystalline quality enhances the carrier mobility, which 

directly affects the electrical properties of the film. This effect has been demonstrated in 

previous studies [31, 32]. 

The quality factor (Q) summarizes both optical and electrical properties in ZnO films (see 

figure III.15). A higher Q, as seen in CZO, indicates better crystallinity, higher conductivity, 

and improved light transmission, making it ideal for optoelectronic use 

 

Figure III -15 : Variation of transmittance, conductivity, and quality factor of thin film 
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General conclusion 

This study focused on the preparation and characterization of ZnO thin films doped 

with aluminum, cobalt, and co-doped with both (Al-Co), using the Pneumatic Spray Pyrolysis 

(PSP) technique. The aim was to investigate the effect of individual and co-doping on the 

structural, optical and electrical properties of the films. The analysis of the properties of these 

samples was carried out by different characterization methods. In this context, we carried out 

structural characterizations by X-ray diffraction (XRD), optical by UV-VIS spectrometry, the 

FT-IR spectra were obtained with a Fourier transform infrared spectrometer and finally the 

electrical characterization by four-point measurement. 

 

Four samples were prepared by varying the type of doping (ZnO, AZO, CZO and 

ACZO), while maintaining the concentration of both cobalt and aluminum fixed at 1%. Based 

on the results obtained from the various characterizations and the corresponding discussions, the 

following conclusions can be drawn : 

The prepared thin films were crystallized in the wurtzite phase, with preferred 

orientations along the (002), (101), and (100) planes, and the presence of secondary 

orientations, indicating that the films are polycrystalline. Upon doping with cobalt, an 

increase in crystallite size and peak intensity was observed, which led to an improvement in 

the crystallinity of the films. This indicates that cobalt doping enhances the crystal quality of 

ZnO. 

In addition, all the thin films exhibited high transparency in the visible range, with 

transmittance values approximately between 85% and 95%. The ACZO sample (co-doped 

with Al and Co) showed a high optical transmittance of around 93%, reflecting the high 

quality of the prepared films. Moreover, the optical band gap (Eg) was observed with doping, 

ranging from 3.244 to 3.281 eV. Notably, the highest band gap value was recorded after 

cobalt doping CZO where it reached 3.26 eV. 

. 
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The CZO thin films also recorded the lowest electrical resistivity, around 2,11×

10−2 (Ω.cm) at a cobalt concentration, along with the highest figure of merit, 

whichreached5.91× 10−4(𝛺−1), reflecting the excellent performance of these films. 

In summary, it can be concluded that cobalt concentration plays a fundamental role in 

enhancing the structural, optical, and electrical properties of ZnO thin films. Further research 

on CZO films would be beneficial, especially regarding their use in the photovoltaic field, 

with a focus on whether increasing the cobalt content could lead to further improvements in 

conductivity and optical transmittance 

 



Effect of Al, Co, and Al /Co co-doping on the properties of ZnO thin films prepared via 

Pneumatic Spray Method  

Abstract                                                                                                                                                      

 The objective of this work is the deposition and characterization of zinc oxide (ZnO) thin films doped 

with aluminum (Al), cobalt (Co), and co-doped with both elements (Al-Co). The films were deposited using 

the pneumatic spray pyrolysis technique, and the effect of doping type on the structural, optical, and electrical 

properties of the prepared samples was investigated. To analyze and evaluate the properties of the films, 

several characterization techniques were employed, including: X-ray diffraction (XRD) to determine the 

crystalline structure UV-Visible spectroscopy to assess optical properties, and four-point probe measurements 

to evaluate electrical resistivity. The results showed that doping with cobalt (Co) led to significant 

improvements in the properties of the ZnO films. Specifically, it enhanced crystallinity, increased transparency 

in the visible range, and improved electrical performance compared to undoped films, Al-doped films, and co-

doped films, We found that this sample has  the best crystallization, and a uniform surface, and  high 

transparency in the visible range (89%), with a band gap 3.26 eV, in addition to a good figure of merit (5.91 

.10-4Ω -1 ).                                                                                                                                                            

Keywords: ZnO, cobalt doping, aluminum doping, co-doping, thin films, properties 

Effet du dopage par Al, Co et du co-dopage Al/Co sur les propriétés des films minces de ZnO 

préparés par la méthode de pulvérisation pneumatique. 

Resumé 

L’objectif de ce travail est le dépôt et la caractérisation des films minces d’oxyde de zinc (ZnO) dopés 

à l’aluminium (Al), au cobalt (Co) et co-dopés avec les deux éléments (Al-Co). Les films ont été déposés en 

utilisant la technique de spray pneumatique pyrolyse , l’effet du type de dopage sur les propriétés structurales, 

optiques et électriques des échantillons préparés a été étudié. Pour analyser et évaluer les propriétés des films, 

plusieurs techniques de caractérisation ont été employées, notamment :La diffraction des rayons X (DRX) 

pour déterminer la structure cristalline, La spectroscopie UV-Visible pour évaluer les propriétés optiques, Et la 

méthode à quatre pointes pour mesurer la résistivité électrique.  Les résultats ont montré que le dopage au 

cobalt (Co) a conduit à des améliorations significatives des propriétés des films de ZnO. Plus précisément, il a 

permis d’améliorer la cristallinité, d’augmenter la transparence dans le domaine visible et d’améliorer les 

performances électriques par rapport aux films non dopés, dopés à l’aluminium, et co-dopés. Nous avons 

constaté que cet échantillon présente la meilleure cristallisation, une surface uniforme et une haute 

transparence dans le domaine visible (89%), avec une bande interdite de 3,26 eV, en plus d'un bon facteur de 

mérite (5,91 × 10-4 Ω-1 ).                                                                                                                                            

Mots-clés : ZnO, dopage au cobalt, dopage à l’aluminium, co-dopage, films minces, propriétés. 

المحضرة   ZnO على خصائص الأغشية الرقيقة لـ (Al/Co)  التطعيم المزدوج، (Co)  الكوبالت (Al) بالألمنيوم التطعيمتأثير 

 المضغوط  يباستخدام طريقة الرش الهوائ

                       ملخص                                                                                                                         
الزنك أكسيد  من  الرقيقة  الأغشية  وتوصيف  ترسيب  هو  العمل  هذا  بالألمنيوم (ZnO) هدف  والكوبالت(Al) المطعمّة   ، (Co)  ، والتطعيم

تأثير نوع التطعيم  ، وتمت دراسة  المضغوطبالهواء    تم ترسيب هذه الأغشية باستخدام تقنية التحلل بالرش .(Al-Co) بكلا العنصرين  مزدوجال

حيود  :ولتحليل وتقييم خصائص هذه الأغشية، تم استخدام عدة تقنيات من بينها.على الخصائص البنيوية والبصرية والكهربائية للعينات المحضّرة

السينية البلورية، (XRD) الأشعة  البنية  البنفسجية   لتحديد  فوق  بالأشعة  الطيفي  البصرية، (UV-Vis) المرئية-التحليل  الخصائص  و    لتقييم 

،  ZnO أدى إلى تحسينات كبيرة في خصائص أغشية  (Co) أظهرت النتائج أن التطعيم بالكوبالت .القياس بأربع نقاط لقياس المقاومة الكهربائية

والمطعّ  المطعمّة،  بالأغشية غير  مقارنةً  الكهربائي  الأداء  المرئي، كما حسّن  النطاق  الشفافية في  التبلور، وزاد من  مة  حيث حسّن من درجة 

النطاق المرئي  .مزدوجال  والتطعيمفقط  بالألمنيوم   تبلور، وسطح موحد وشفافية عالية في  تقدم أفضل  العينة  ، مع فجوة ٪(89)  ووجدنا أن هذه 

 (.   Ω-101-4×  ,915)بالإضافة إلى عامل الجودة الجيد  فولط،إلكترون  3 .26نطاق تبلغ 

 .، الأغشية الرقيقة، الخصائصجمزدو لالتطعيم بالكوبالت، التطعيم بالألمنيوم، التطعيم ا، ZnO :المفتاحيةالكلمات 




