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Résumé :  

Dans le présent travail, les propriétés structurales, optiques et électriques des couches minces 

d’oxyde cuprique dopées au Li (0-6 à 0.%) ont été étudiées. Les films ont été obtenus par 

pyrolyse par pulvérisation sur des substrats de verre à 350°C. La méthode de diffraction des 

rayons X, UV-Vis. La spectroscopie et la technique de sonde à quatre points ont été utilisées 

pour analyser les films. Selon les investigations DRX, il a été constaté que les films poly-

cristallins ont des phases monocliniques avec des plans cristallographiques préférés (002) et (-

111). L’incorporation du dopage Li dans le film mince CuO a donné des tailles cristallines 

d’environ 12 nm. Les valeurs estimées de l’écart de bande optique diminuent avec 

l’augmentation de la concentration de Li de 1,88 à 1,64 eV. Les études par sonde à quatre 

points ont révélé que la résistivité des films diminuait de 339 à 186 KΩ.cm avec 

l’augmentation de la concentration en Li.   

Mots clés : CuO, Dopage Li, spray en mode discontinu, couche mince. 

Abstract: 

In the present work, the structural, optical and electrical properties of Li-doped (0-6 at.%) 

cupric oxide thin films were investigated. The films were obtained by the spray pyrolysis 

method on glass substrates at 450°C. The X-ray diffraction method, UV-Vis. spectroscopy 

and the four-point probe technique were used to analyze the films. According the XRD 

investigations, it was found that the polycrystalline films have monoclinic phases with a 

preferred (002) and (-111) crystallographic planes. The incorporation of Li doping into the 

CuO thin film yielded crystallite sizes of approximately 12 nm. The estimated optical band 

gap values are decreased with increasing Li concentration from 1.88 to 1.64 eV. Four-point 

probe studies revealed that the resistivity of the films decreased from 339 to 186 KΩ.cm with 

increasing Li concentration.   

Keywords: CuO, Li-doping, Spray pyrolysis, Thin film. 
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INTRODUCTION

Nanomaterials and nanodevices are the most important aspects of nanotechnology with

a bright future of real-world applications to serve and monitor humanity’s environment.

These nanostructure materials are known to derive real benefits from semiconductor metal

oxides (TCO). These materials have interesting properties such as chemical stability, elec-

trochemical activity, and ease of synthesis. Metal oxide semiconductors are the indisputable

prerequisite for the development of diverse and intelligent materials. These TCOs have at-

tracted much attention not only for basic scientific research, but also for various practical

applications for their interesting physical and chemical properties.

Among all these metal oxides, copper oxide (CuO) has gained a leading edge in the most

active fields of technological applications. This material shows great attention in different

fields to improve new methods easy, inexpensive and effective for scientific research and in-

dustries because of its appropriate range of applications. In addition, copper oxide CuO has

been a hot topic through progress studies because of its interesting properties as a semicon-

ductor type p with a direct optical gap equal to 1.2 eV, simplicity of preparation, abundant

in nature, low cost and non-toxic. This material is considered today as one of the most used

in photovoltaics for the manufacture of solar cells, its high solar absorption, its low thermal

emission, its good electrical properties and its high carrier concentration. This material

is also promising as an electrode material for the next generation of rechargeable lithium
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batteries due to its high theoretical capacity, safety and environmental friendliness. It is

also widely considered for gas sensor applications. Thus, CuO applications are expected to

increase rapidly due to its unique high-quality crystalline phase. Therefore, this material

has been studied to be considered a future material, given its encouraging properties in var-

ious other applications, including energy materials, supercapacitors, magnetic storage, field

emissions, photodetectors, spintronics and superconductors with high TC, photocatalysis,

nanofluids and heat transfer applications, biosensors, anticancer and antimicrobial activities

and the removal of inorganic pollutants. Based on these considerations, CuO nanostructures

also have more attractive magnetic properties.

Experimentally, CuO thin films were prepared using various chemical and physical tech-

niques, including spin coating, immersion coating, sol gel, SILAR, spraying, thermal evapo-

ration, laser ablation, electroplating, chemical vapor deposition and spray pyrolysis. Spray

pyrolysis has attracted several researches according to its simplicity, inexpensive and cost-

effective technique. The spraying method leads to the formation of good quality films. In

fact, the preparation of CuO thin films with this technique shows excellent results in com-

parison with other techniques.

The objective of this thesis is to prepare thin layers of copper oxide with Li doping by spray

technique in discontinuous mode by varying the percentage of doping. We strive to optimize

the suitable doping rate in order to obtain good quality CuO films. To do this we have fol-

lowed the evolution of the electrical and optical properties with the elevation of the doping

rate for the understanding of the effect of this parameter on the properties of this material

in order to optimize their performances for their uses in technological devices such as solar

cells.

Our brief is structured in three chapters as follows:

In the first chapter, we expose the definition, the electrical and optical properties of copper

oxide and its applications in solar cells, gas sensors and photocatalysis.

The second chapter presents the different techniques for the development of layers according

to the physical (PVD) and chemical (CVD) process. Thus characterization techniques such

as: XDR, Raman spectroscopy, four-point technique and UV-Visible spectroscopy.

In the third chapter we will present the evolution of the structural, electrical and optical

properties of copper oxide thin films CuO with the increase of the percentage of doping by
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Li, these films are deposited on a glass substrate heated to a temperature of 3500C by the

spray method in batch mode using the 0.1 M copper chloride solution and as a source of

dopant we used iron chloride.



CHAPTER

1

BASICS ON THIN FILMS

This chapter offers a fresh perspective on thin films. It includes a description of thin films

and an overview of their applications.

1.1 Thin film

1.1.1 Definition of thin film

Thin film technology is simultaneously one of the oldest arts and one of the newest research

studies [1]. Thin films and nanostructured coatings are essential to clean technology because

they allow to do a lot with a little amount of masse[2]. They are generally used to improve

the surface properties of solids. Thin films principle is a substance deposited in another

substance called a substrate [1]. It can be prepared as semiconductors, resistors, conductors

and insulator, all preparation types are widely used in many industrial applications [3].

A thin film may also be defined as a layer of material with a thickness ranging from one

nanometer to several micrometers. Also it’s well known that layer of material with one
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dimension is much smaller than the other[4].

Figure 1.1: Schematic of thin film deposited on a glass substrate.

1.1.2 Steps to formation of thin films

In the synthesis process of thin films, the coating material must pass through a conductive

medium and come into direct contact with the substrate to form a thin film on a solid surface

(substrate). A portion of the coating particles adheres or chemically reacts with the substrate

when they land on it. The particles can be either atoms, molecules, ions, or molecular

fragments coming from molecules that have been ionized or fragmented. Nevertheless, all

thin film deposition techniques consist of four consecutive phases :

Source :The fundamental constituent of the thin film to be generated may initially consist

of a solid, a liquid, or a gas [5].

Transport : The homogeneity of the flow of species throughout the transport stage onto the

substrate surface is a crucial property to preserve but it is influenced by several parameters

that are contingented by the medium in which the transport occurs.

Deposition :The third stage in the fabrication of thin films involves the application of a

layer onto the surface of the substrate. This phase encompasses the processes of nucleation

and fusion. The deposition process is influenced by various factors, including the source

and transport mechanisms as well as the primary surface conditions of the substrate. These

surface conditions encompass characteristics such as surface roughness, contamination levels

and other relevant factors. Additionally, the bonding coefficient of the material arriving on

the substrate surface and the temperature of the substrate also play a significant role in
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determining the deposition behavior [6].

Analysis : The final stage of the production process involves the examination and analysis

of the thus-deposited film [7].

Figure 1.2: Schematic diagram of the steps of the thin film fabrication process.

1.1.3 Classification of growth patterns

In a simple approach, the growth of thin films on a substrate is classified into three categories

schematically illustrated (Figure I.11) [[8],[9]].

Island growth (Volmer-Weber mode)

In this mode of growth, small clusters nucleate directly on the surface the substrate and

grow in islands on it. This growth will take place when atoms or molecules that arrive on

the surface of the substrate are more likely to bond between them than with the substrate.

A typical case this growth is that metallic films on insulating substrates.

Layered growth (Franck-Van der Merwe mode)

This mode of growth takes place when the adatom-substrate interaction is very strong. The

first atoms which arrive on the surface the substrate condense and form a monolayer covering

the entire surface: we then have a growth two-dimensional of nuclei to form a layer, and

then growth layer by layer.
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Mixed growth (Stranski-Krastanov mode)

This mode of growth is an intermediate case: growth is first two-dimensional to form the

first layer(s); however, as the energy of adatom-substrate interaction gradually decreases,

the growth tends to become three-dimensional with the formation of islands.

Figure 1.3: Basic Modes of thin film growth: (a) island (b) layer-by-layer and (c) layer plus
island.

1.1.4 Thin film growth mechanism

All thin film processes are done in three stages:

• The production of appropriate ionic, molecular, atomic species.

• The transport of these species to the substrate.

• Condensation on this same substrate is done either directly or through a chemical or

electrochemical reaction in order to form the solid deposit; this step often goes through

three phases: nucleation, coalescence then growth.

a) Nucleation It is the phenomenon that accompanies changes in the state of matter

and which consists in the appearance, within a given medium, of transformation points

from which a new physical or chemical structure develops.

The entire surface of it, in this state, they interact with each other and form what are
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called "clusters". These "clusters" also called nuclei, are unstable and tend to subside.

Under certain deposit conditions, they collide with other adsorbed species and start to

grow. After reaching a critical size, these clusters become thermodynamically stable

and the nucleation barrier is crossed. The nucleation stage is shown in figure I.4.

Figure 1.4: Diagram of the nucleation of thin layers. a) The arrival of atoms on a substrate,
b) The morphology of the substrate [10].

b) Coalescence The nuclei grow in size but also in number until they reach a maximum

nucleation density. This as well as the average size of these nucleus also called islets

depend on a certain number of parameters such as the energy of the sprayed species,

the rate of spraying, the energy of activation, adsorption, desorption, thermal diffusion,

substrate temperature, topography and chemical nature of the substrates .

A nucleus can grow at the same time parallel to the substrate by a surface diffusion

phenomenon of the pulverized species. It can also grow perpendicular to the substrate

by adding sprayed species. In general the lateral growth in this stage is much more im-

portant than the perpendicular growth. figure 1.4 represents the phase of coalescence.

c) Growth The last step in the film manufacturing process is the coalescing step in

which the islets begin to cluster. This tendency to form larger islets is improved by the

growth of the surface mobility of the adsorbed species. This improvement is obtained

by increasing the temperature of the substrate. These larger islets still grow, leaving

channels and holes on the substrate. The structure of the film in this step changes
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Figure 1.5: Diagram representing coalescence [10].

from a type of discontinuous islands to a type of porous networks .A continuous film

is formed by filling the channels and the holes [10].

Figure 1.6: The growth of thin layers. a) Step after coalescence, b) Growth [10].

1.1.5 Applications of thin films

During 20th century, more sophisticated applications diversified in the following fields [[11]-

[11]].

• Microelectronics:It was developed from the 1960s thanks to the use of increasingly

thin conductive or insulating layers, and can be found under types of passivating layers

(electronic contact), PN junction, transistor diode, piezoelectricity, laser, LED lamps,

superconductors, etc.

• Optics:While retaining the aesthetic applications, the optical applications of the layers

have made it possible to develop more effective radiation sensors, such as antireflective
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layers in solar cells, anti-reflective treatment of camera lenses, photo detection, display

of screens dishes, ophthalmic applications, optical guides (architecture energy checks,

vehicles, energy conversion, etc.).

• Mechanics:Tribological coatings (dry lubrication, resistance to wear, erosion, abra-

sion, diffusion barriers) micro-systems. . . etc.

• Chemistry:The main applications of surface coatings are oriented towards better

corrosion resistance by the creation of a waterproof film (corrosion resistance), gas

sensor, catalytic coatings and protective layers.

• Thermal:The use of a thermal barrier layer (TBC) decreases for example the surface

temperature of the metal of the fins of the reactors thus making it possible to improve

the performances of the reactors (increase in the internal temperature).

• Biology:Biological micro sensors, biochips, biocompatible materials. . . etc.

• Micro and Nanotechnologies: Mechanical and chemical sensors, micro fluidics,

actuators, detectors, adaptive optics, nano-photonics. . . etc.

• Magnetic: Information storage (computer memory), security devices, sensors.

• Decoration:Watches, glasses, jewelry, household equipment, etc [12].

1.2 Semiconductors

1.2.1 Definition of semiconductor

The semiconductor is a material in the solid or liquid state that conducts electricity at room

temperature but less easily than a conductive metal. At low temperatures, pure semicon-

ductors behave like insulators; at high temperatures or in the presence of light or impurities

the conductivity of semiconductors increases sharply and can even become comparable to

that of metals [13].



1.2 Semiconductors 24

1.2.2 Band Gap

In solid materials, interactions between atoms “smear” the valence shell into a band of energy

levels called the valence band. Valence electrons are confined to that band. When an electron

acquires enough additional energy, it can leave the valence shell, become a free electron, and

exist in what is known as the conduction band. The difference in energy between the valence

band and the conduction band is called an energy gap or band gap. This is the amount of

energy that a valence electron must have in order to jump from the valence band to the

conduction band. Once in the conduction band, the electron is free to move throughout the

material and is not tied to any given atom. Figure 1.7 shows energy diagrams for insulators,

semiconductors, and conductors.

Figure 1.7: Energy diagrams for the three types of materials

1.2.3 Types of Semiconductors

Semiconductors can be classified as: Intrinsic Semiconductor and extrinsic Semiconductor.

Extrinsic Semiconductors are further classified as: a n-type Semiconductors and p-type

Semiconductors.

In p-type semiconductors, holes are the majority carriers and electrons are the minority

carriers. In N-type semiconductors electrons are the majority carriers and the holes are

the minority carriers.
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1.2.4 PN Junction

When a n-type silicon comes into contact with a p-type silicon they form what is known as

a junction (Figure 1.8). The current can only pass in one direction. In fact, if we look at

it in terms of energy, the electrons from the “n” side do not have the same energy as those

from the “p” side; these latter electrons take part in the bonding process and are strongly

bonded in the crystalline lattice. The “n” electrons, which are free, are now more energetic.

What happened to their contact? What happens when we try to join two liquid bodies of

two different levels? What happens is that there is a flow of one into the other. But here, the

liquid is electrically charged, and the passage of the electrons from the “n” crystal to the “p”

crystal leads to the appearance of a difference in potential which balances the system. This

is equal to the energy difference in volts of the banded-electron linked to the free electron

states as is the case for silicon. If we directly polarize the atom, where the negative pole is

on the “n”, then the current will flow. As a consequence, the “n” and “p” parts of a crystal

automatically isolate themselves, which is a property used in semi-conductor components[14].

Figure 1.8: PN junction
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1.3 Cupric (tenorite) oxide CuO

Copper (II) oxide is an inorganic compound with the formula CuO. A black solid, it is one

of the two stable oxides of copper, as a mineral, it is known as tenorite. It is a product of

copper mining and the precursor to many other copper-containing products and chemical

compounds.

1.3.1 Reason for choosing copper oxide

This phase of copper oxide is used in various applications such as solar cells, gas sensors,

and photocatalysis applications. Other reason supporting this choice is chemical stability,

excellent electrical conductivity, non-toxicity, low cost yielding economical advantages, .in-

dustrializablility [[15], [16], [17]].

1.3.2 Crystallographic structure

CuO or tenorite oxide is distinguished from the transition metal monoxides 3d by its mon-

oclinic structure. It is a black ionic solid having as fusion temperature 1134◦C. In this

structure, copper is at the center of square planes defined by oxygen anions (Figure 1.9).

Tenorite crystallizes in the C2/c space group with lattices parameters defined in Table 1.1.

Figure 1.9: Schematic representation of the crystallographic structure of CuO: the brown
spheres represent the Cu2+ions and the bleu spheres the O2−ions.
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Crystallographic properties of CuO
Space group C2/c
Unit cell a = 4.6837Å

b = 3.4226Å
c = 5.1288Å
β = 99.548◦

α, γ = 90◦

Cell volume 81.08Å3

Cell content 4[CuO]
Distances
Cu-O
Cu-Cu
O-O

1.96Å
2.62Å
2.90Å

Rayons ioniques Cu2+ = 0.73Å
O2− = 1.24Å

Table 1.1: Crystallographic properties of CuO [18].

1.3.3 Structural properties

Deposition conditions and method are strongly affecting the thin film growth. Based on

findings of previous studies, the main parameter must be controlled in order to achieve a

high quality film is deposition temperature. The effect of deposition temperature, annealing

temperature, and substrate temperature on present phase and (hkl) orientation of CuO

thin films by several of deposition techniques is shown in Table 1.2. The experimental

conditions must be carefully chosen in order to obtain the desired structural properties. For

example: some authors agreed that the increase in the substrate temperature improves the

films crystallinity and yields to the change from amorphous to polycrystalline structure.

1.3.4 Physical and chemical properties

Pure cupric oxide is black solid with a density of 6.32g/cm3 and insoluble in water. It

melts above 1134◦C with some loss of oxygen. Table (1.3) regroups some physical and

chemical properties of cupric oxide.
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Deposition method Parameter Present phase (hkl) orientation
Thermal decomposi-
tion

Temperature
400◦C
400◦C

CuO
CuO

(002)(111)
(002)(111)

Thermal oxidation Annealing
Temperature
150◦C
200◦C
250◦C
275◦C-1000◦C

Cu,Cu2O
Cu2O
Cu2O,CuO
CuO

(111)(200)
(111)(200)
(111)
(111)

Spray pyrolysis Substrate
temperature
250◦C
350◦C
450◦C

Cu2O,CuO
Cu2O,CuO,Cu2O,CuO
Cu2O,CuO

(111)(200)
(111)(200)(200)(020)
(111)(200)

Spin coating Annealing
temperature
300◦C-400◦C
500◦C-700◦C

CuO
CuO

(002) (111)(112)
(110)(002)(111)(200)
(112)(221)(004)(023)

Table 1.2: Structural properties of CuO thin film deposited by different method.

Cupric oxide CuO
Chemical names copper(II)oxide

Cuprico xide
Copper monoxide
Copper oxide(CuO)
Oxocopper

Molecular CuO
Appearance black to brown powder
Solubility in water Insoluble
Molecular mass 79.55(g/mol)
Density 6.32(g/cm3)
melting point 1134◦C
Boiling point 2000◦C
Refractive index 1.4[21]
Hole effective mass 0.2m2[21]
Hole mobility 0.1 − 10(cm3/V s)[21]
Magnetic suseptibility +238.9 × 10−6cm3/mol
Refractive index(nD) 2.63

Table 1.3: Physical properties of CuO[18].
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1.3.5 Electrical properties

Copper oxide is a p-type semiconductor at room temperature. Its direct band gap Eg

ranges from 1.2 to 2.1 eV. Because of the existence of acceptor levels attributable to copper

vacancies, oxides with metal defects by cationic vacancies or oxides with excess oxygen by

interstitial anions releasing holes generally endow to the CuO semiconductor material a

low conductivity. There have been notable disparities seen in resistivity levels though with

a pronounced correlation between resistivity and the elaboration process employed. The

conductivity of CuO can be controlled in a low partial pressure environment during its

formation. Additionally, CuO is sensitive to the presence of adsorbed molecules, indicating

its significant potential for chemical and environmental detection. This sensitivity is even

observed with a small quantity of impurities in the compound, highlighting its temperature

stability [[22]-[23], [24], [25]].

Figure 1.10: Band structure of CuO calculated using the DFT+U method [26]

1.3.6 Optical properties

Thin films of CuO have a transparency between 0 and 80% in the visible region and a

refractive index varies in the range of 1.5 to 3.5. Native point defects are intrinsic in semi-

conductors, they play an important role in the electronic properties of semiconductors. The

formation energies of these defects are also calculated for three different types of native point

defects: vacancies (VCu, VO), antisite (Cuo, OCu) and interstitial (Cui, Oi) defects. The

optical properties of CuO vary according to various factors such as: grain size, substrate

temperature, thickness, doping concentration, strain strain, structural parameters, defects
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and disorder, as well as deposit techniques and conditions [27].

Under the action of a high-energy light beam or electron bombardment, copper oxide emits

photons. This phenomenon corresponds to luminescence. Depending on the conditions of

elaboration, different luminescence bands were observed. The UV and visible luminescence

are due to the near-band-edge (NBE) emission or inter band emission and to the different

defect states

Figure 1.11: Transmittance (a) [28] and photoluminescence (b)[29]of CuO thin films

1.3.7 Applications of CuO thin films

CuO is a promising material for various applications due to the abundance of its components

in nature, low-cost production, good thermal stability, and electrochemical properties. This

combined property enables CuO thin films to be a serious candidate for several applications

namely:solar cells [30], gas sensors [31] and photocatalysis.

Solar cells

Solar cell technology for future energy has improved in several technical areas. Cost reduction

is one of the most crucial concerns in producing traditional solar cells which use silicon as

a material semiconductor. [32]. Due to the high cost of silicon solar cells, new photovoltaic

devices need to be developed using inexpensive, non-toxic materials and energy-efficient

methods [33]. CuO semiconductors have the qualities of suitable materials with high optical

absorption coefficients, low thermal emissivity and low manufacturing costs. CuO is an

exciting material for solar cells because the material under consideration exhibits p-type

semiconductor characteristics with its band gap closely approximating the ideal energy band

gap for efficient utilization in solar cell applications [32]. Producing solar panels using cupric
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oxide as a potential active layer has therefore attracted much attention. Various deposition

processes have been used, including electro-deposition, RF sputtering, sol-gel, and plasma

evaporation. The characteristics of solar cells based on CuO are intricately linked to the

method of deposition. For example, the ZnO/CuO interface of solar cells produced by the

electro-deposition process has a higher density of defects which significantly impacts the

solar cells efficiency. The layers utilized in this context are ZnO, Cu2O, ZnO:Sn and C60,

and they all impacts the solar cells efficiency. By manipulating the optical and chemical

characteristics of the buffer layer, several current studies seek to increase the efficiency of

solar cells. Furthermore, diligent endeavors have been undertaken to develop a thin film with

soft and smooth consistency as a window layer for solar cells based on copper oxide (CuO)

[34].

Gas sensor

For years, metal oxide semiconductors (MOS) have been utilized for the detection of reducing

gases, including hydrogen, ethanol, carbon monoxide (CO) and hydrogen sulfide (H2S).

Such materials like pure phase CuO or CuO bonded to other MOS in a composite material

have been explored. The growing interest in various CuO nanostructures such as nanowires

and thin films can be attributed to their very high surface-to-volume ratio. The enhancement

of device performances in semiconductor nanostructures is thus anticipated [35]. The p-type

copper oxide semiconductor under investigation for gas sensing applications has garnered

significant attention in academic research due to its advantageous characteristics, including

its affordability, exceptional stability, and non-toxic nature. For the detection of various

gases, several researchers have focused on creating unique CuO nanostructures [36]. Gas

sensors have gathered much interest as integrated devices into daily life for precise monitoring

and control of ambient humidity for human comfort and prospective applications in industries

such as robotics, aerospace, agriculture,and health [37].

Photocatalytic application

Multiple studies have shown that the use of CuO for the photocatalytic degradation of or-

ganic contaminants in aquatic environments is possible. The utilization of CuO has been

employed in the process of photocatalysis degradation of methylene blue, facilitated by ex-
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posure to sun irradiation [38]. To control the efficiency of photocatalysis, one can use an

active medium for the preparation of the pollutants such as the use of lactic acid (LA),

methanol (MeOH), triethanolamine (TEOA) and so on. The photocatalyst efficiency for of

H2 generation in solution has been reported to improve with the increasing redox potential

of the hole scavenger. Currently, the process of producing H2 from CuO based on photo-

catalysts is usually carried out in an aqueous solution of MeOH [39]. Research studies have

revealed the superior stimulating activity of metallic nanoparticles using copper oxide as the

perfect support [40]. Hence, CuO is a good catalyst in the rose bengal (RB) dye degrada-

tion. In particular, A. Al Gamdi and al. [41] studied a thin layers of CuO deposited by RF

sputtering in 600 s. A degradation of 100% of methylene blue under visible light in 3 hours

was observed. In addition, another study on the Au-CuO2-CuO composite deposited by RF

magnetron sputtering method showed dye degradation with percentages 73.1% for methyl

orange and 86.2% for methylene blue in 28 mins of sun exposure, see Kavita Sahu and al.

[42].
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Figure 1.12: Some applications of CuO; photocatalysis [43], solar cell [44]



CHAPTER

2

METHODS OF DEPOSITION AND

CHARACTERIZATION

This chapter contains the different methods of the deposition thin films include a description

of the chosen deposition procedures and the techniques used to characterize thin films.

2.1 Thin films deposition methods

Generally, any thin film deposition follows the sequential steps: a source material is converted

into the vapor form (atomic/molecular/ionic species) from the condensed phase (solid or

liquid), which transported to the substrate and then it is allowed to condense on the substrate

surface to form the solid film [45]. Depending on how the atoms/molecules/ions or clusters

of species are created for the condensation process, the deposition techniques are broadly

classified into two categories (Figure 2.1): physical methods and chemical methods.
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Figure 2.1: Classification of thin film deposition techniques [46].

2.2 Criteria for selection of deposition methods

The selection of a specific technology for the deposition of thin films can be based on a variety

of considerations. A multitude of thin films of different materials can be deposited for a large

variety of applications; hence, no general guidelines can be given of what the most suitable

deposition technology should be. In selecting an appropriate deposition technology for a

specific application, several criteria have to be considered. In order to optimize the desired

film characteristics, a good comprehension of the advantages and restrictions applicable to

each technique is necessary. The choice of a specific deposition technique related to some

factors, they are:

• The material to be deposited.

• The rate of deposition.

• Limitations imposed by the substrate, e.g.: maximum deposition temperature.

• Adhesion of the deposits to a substrate.

• Throwing power.

• The purity of target material.

• Availability of the required equipment.
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• Cost.

• Ecological considerations.

• The abundance of the material (to be deposited).

2.3 Different deposition techniques

The properties and versatility of the thin films can be obtained by selecting proper technique

of film deposition. Thin film deposition methods can be broadly classified as either chemical

or physical methods. The difference between the chemical and physical thin film deposi-

tion methods depends upon the method of depositing thin film material on the substrate.

In chemical deposition technique, fluid precursor is used which chemically react with the

substrate. Since the thin film material is conducted through the fluid precursor, physical de-

position is conformal approaching the substrate without preference to a particular direction.

A conformal is an uneven interface with the body and has a constant thickness on horizontal

and vertical surfaces [47].

2.3.1 Physical vapor deposition (PVD)

Physical Vapor Deposition (PVD) mainly includes evaporation, spraying in all its forms and

laser ablation. The most widely used PVD methods are molecular beam epitaxy, cathodic

sputtering.

1. Sputtering: Sputtering is a technique used to deposit different materials such as met-

als, refractory materials, dielectrics, and ceramics. The principle of this technique is

the bombardment of the material to be deposited (target) by neutral gas ions generally

argon, under the effect of bombardment atoms torn from the target and deposits on

the substrate located in front of the target. If the atmosphere (gas) of the discharge

is chemically neutral, the sputtering is called simple. However, if it consists of active

gases such as oxygen O2 or nitrogen N2, sputtering is said to be reactive. The basic

scheme of operation of the sputtering is shown in figure 2.2.
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Figure 2.2: The operating principle of sputtering [48].

There are two types of cathodic sputtering depending on the mode of creation of the

plasma or the nature of the target (conductive or insulating): direct cathodic sput-

tering (DC) only in the case of the sputtering of conductive materials and sputtering

radiofrequency (RF) which allows the spraying of conductive materials or insulating

materials. There are many parameters that affect the deposition process such as base

vacuum, sputter gas pressure during deposition, sputter power, target and substrate

temperature, etc. . . The magnetron device has been used to limit the disadvantages

and increase the efficiency of the sputtering.

Figure 2.3: Cathodic sputtering: accelerated Ar+ ions extract atoms from the target [49].
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2. Molecular Beam Epitaxy (MBE):

Epitaxy is a compound of two Greek words Epi = on, Taxi = arrangement. It is

defined as the formation of a monocrystalline layer called (the epitaxial layer) on a

monocrystalline substrate [50]. Molecular beam epitaxy is a method for developing

thin films at low temperature with excellent crystalline quality and very low roughness

in a very high vacuum (< 10−10 Torr). The principle of this technique, Figure 2.4,

is based on the reaction of atomic or molecular fluxes on a monocrystalline substrate

which brought to an adequate temperature [50].

Figure 2.4: The operating principle of MBE [50].

As shown in figure 2.4, the growth process of the molecular beam epitaxy can be

summarized in the following steps [50]:

1) Deposition of atoms onto the surface of the substrate

2) Nucleation process (creation of di-atomic islands)

3) Growth of islands by coalescence

4) Formation of a layer by coalescence of islands

Molecular beam epitaxy has the following advantages [50]:

• The low growth rate that allows doping at the atomic level

• Possible controls and in situ analysis (RHEED; Auger XPS)

• Very precise control of the thicknesses of the thin layers

• The ability to control all the steps automatically
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• No boundary layer.

3. Pulsed Laser Deposition:

Pulsed Laser Deposition (PLD) is a deposition technique that has the advantage of

transferring the stoichiometry of the target to the prepared layer, in this method a

laser beam focused on a depositing material (target) placed in an ultrahigh vacuum

chamber. Under the effect of this laser beam, an amount of the material is pulled away

from the target in the form of a dense and light vapor (plasma) and deposited on the

substrate placed opposite as presented in Figure 2.5.

Figure 2.5: Schematic diagram of the Pulsed Laser Deposition (PLD) technique [51].

Laser ablation has a number of advantages, it enables the deposition at room tempera-

ture and the coating of all types of the substrate [51], and it also allows the manufacture

of the complex composition of materials in thin layers.

4. Thermal evaporation:

The thermal evaporation process contains evaporating source materials in a vacuum

chamber below 10−6 Torr and condensing the evaporated particles on a substrate. In

this process, thermal energy is provided to a source from which atoms are evaporated

for deposition in the substrate. Heating of the source material can be finished by any
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of which the material to be evaporated is attached. Larger volumes of source material

can be heated in crucibles of refractory metals, Oxides or Carbon by resistance heat-

ing, high-frequency induction heating, or electron beam evaporation. The evaporated

atoms travel through reduced background pressure in the evaporation chamber and

condense on the growth surface. The deposition rate or flux is a function of the travel

distance from the source to the substrate, the angle of impingement onto the sub-

strate surface, the substrate temperature Ts, and the base pressure. The conventional

thermal evaporation system is mentioned in Figure 2 .6 [[47]-[52]].

Figure 2.6: Schematic diagram of thermal evaporation system [53].

2.3.2 Chemical deposition

1. Chemical Vapor Deposition (CVD):

The CVD technique consists of developing materials in the form of thin layers from

gaseous precursors that chemically react to form these layers on a heated substrate

[54], as shown in Figure 2.7. The CVD process can be summarized in five steps [50]:

• Transporting reactive gas species (or species) to the substrate.

• Adsorption of the reactants on the surface.

• Surface reaction and film growth.

• Desorption of volatile secondary products.
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• Transport and evacuation of gaseous products to the reactor outlet.

Figure 2.7: Schematic diagram of thermal evaporation system [50].

The improvement of this technique is to reduce the deposition temperature and

the reactor pressure and remedy the low volatility of the precursors. Several CVD

type techniques can be given [55]:

• APCVD: (Atmospheric Pressure Chemical Vapor Deposition) deposition under

atmospheric pressure.

• LPCVD: (Low-Pressure Chemical Vapor Deposition) low-pressure deposition.

• MOCVD: (Metal Organic CVD) the use of organometallic precursors.

• PACVD: (Plasma Assisted Chemical Vapor Deposition) with the assistance of a

plasma.

2. Sol-Gel:

· Sol:a stable suspension of colloidal solid particles or polymers in a liquid.

· Gel:porous, three-dimensional, continuous solid network surrounding a continuous liq-

uid phase.

Sol-gel is a chemical synthesis technique for preparing glasses, gels and ceramic pow-

ders. For the purposes of many theses, it will serve as an easy way to make high

purity glass in solution form at room temperature. In the sol-gel process, a system of

colloidal particles in a solution (sol) becomes a macroscopic material (gel), which is

interpenetrated by a liquid [56].
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There are different sol-gel methods:

Dip Coating:In a dip-coating process, a substrate is dipped into a liquid coating

solution and then is dragging from the solution with controlling withdrawal speed as

described in figure2.8. Generally, the thickness increases at faster dragging speed. The

measurement of thickness by the equilibrium of forces at the stagnation point on the

liquid surface [57]. The thickness is primarily affected by fluid viscosity fluid density,

and surface tension. Therefore, a faster dragging speed pulls more fluid up onto the

substrate before it has time to flow back down into the systemin, should be occur.

While excellent for producing high- quality, uniform coatings, requires precise control

and a clean environment. The applied coating may remain wet for several minutes until

the solvent evaporates. This process can be accelerated by heated drying. Dip-coating

technique is almost used to fabricate transparent layers of oxides on a transparent

substrate with a high degree of planarity and surface quality [58].

Figure 2.8: Schematic model describing the film formation during the dip-coating process
[58].

Spin Coating: The precursor is dropped onto the centre of a spinning substrate

which then spreads out quickly and evaporates the solvent, see figure 1.16. The Spin

coating an exemplary process includes depositing a small puddle of a solution onto the

center of a substrate and then spinning the substrate at high speed (typically around

3000 rpm) [59]. Centripetal acceleration will cause most of the resin to spread to, and

eventually off, the edge of the substrate, leaving a thin film of material on the surface.

Final film thickness and other properties will depend on the nature of the fluid material
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(viscosity, drying rate, percent solids, surface tension, etc.) and the parameters cho-

sen for the spin process. Factors such as final rotation speed, acceleration, and fume

exhaust affect the properties of the coated films. One of the most important factors

in spin coating is repeatability, as subtle variations in the parameters that define a

spin-coating process can result in drastic variations in the coated film [58].

Figure 2.9: Schematic model describing the film formation during the spin-coating process
[58].

Figure 2.10: Synthesis of various forms of materials by the sol-gel method [60].

3. Chemical bath deposition:

The chemical bath deposition (CBD) is also recognized as controlled precipitation; it

has been applied since to deposit films of many different semiconductors. It is currently

attracting great attention as it does not necessitate sophisticated instrumentation like

vacuum system and other expensive equipment. All that is required is a vessel to in-

clude the solution (an aqueous solution made up of a few usually common, chemicals)

and a substrate on which deposition is required. It offers a bottom-up approach to

prepare nano-crystalline materials in thin film form with better particle size controlled,
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particle shape, size distribution, particle composition, the degree of particle agglom-

eration, the conventional thermal evaporation system is presented in figure 2.9 [61].

Figure 2.11: Schematic diagram of chemical bath deposition system [61].

4. Chemical Spray Pyrolysis Technique:

The thin layers used in this study were prepared by spray pyrolysis. This technique,

which is an intermediary between pneumatic spraying and chemical vapor deposition,

seems to be very simple and relatively cost-effective, particularly in terms of equipment

cost .

a-Definition:

Spray pyrolysis is the most common name given to this technique. It consists of:

spray and pyrolysis. Spray is an English word that indicates the jet of a liquid into

fine droplets, propelled by a sprayer. Regarding pyrolysis, it is noted that it has

various definitions: "pyrolysis is a process by which a solid (or liquid) undergoes,

under the influence of heat and without interaction with oxygen or any other oxidants,

degradation of chemicals into smaller volatile molecules" . This definition is similar to

the thermal decomposition of a source to release a metal or a compound.

The Spray pyrolysis technique is a chemical deposition process being used in research

to prepare thin and thick layers. Unlike in many other coating techniques, the spray

technique represents a very simple and relatively cost-effective processing method (par-

ticularly in terms of relates to equipment costs). It offers an extremely easy technique

for preparing films of any composition [62]. This technique consists in projecting a so-
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lution containing the elements that we want to deposit on a heated substrate, all under

a controlled atmosphere. For the synthesis of oxide films. The advantage of such a

method is its simplicity and low material cost as well as good control of the deposition

conditions (temperature of the substrate, concentration of the starting solution, etc.)

[63].

There are Two methods are generally used to spray the solution containing the source

material:

- Pneumatic spraying: The production of the fog is carried out by a compressed

gas which sucks and bursts the liquid (Figure 2.12.a) [[64],[65]].

- Ultrasonic spray pyrolysis: The aerosol is generated from the high frequency

vibrations produced within the solution, and localized towards the free surface of

the liquid (Figure 2.12.b).

Figure 2.12: Spray pyrolysis method using; (a): Pneumatic, (b): Ultrasonic.

b-General principle of the spray process:

A solution of various reactive compounds is vaporized using an atomizer and then

sprayed onto a heated substrate (Figure 2.13). The temperature of the substrate en-

ables the activation of the chemical reaction between the compounds. The experiment

can be conducted in air. This method, based on heat and mass transfer under unstable

conditions, results in the movement of droplets towards the substrate .
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The description of film formation by the spray pyrolysis method can be summarized

as follows:

− Formation of droplets at the nozzle outlet and evaluation of their average size.

− Decomposition of the precursor solution on the substrate surface. Depending on

the temperature of the substrate, several modes of decomposition of the source

solution are possible. A classical CVD deposition occurs when the substrate tem-

perature allows solvent evaporation and precursor vapor diffusion to the substrate,

leading to a heterogeneous phase reaction upon contact.

Figure 2.13: General schematic of a spray pyrolysis deposition process .

Despite its simplicity, spray pyrolysis has several advantages:

1. It offers an easy way to dope films with virtually any element in any proportion

by simply adding a certain form of the spray solution.

2. Unlike closed vapor deposition methods, spray pyrolysis does not require high-

quality targets, which is a major advantage for industrial applications.

3. The deposition rate and film thickness can be easily controlled across a wide

range by changing the spray parameters, thereby eliminating the main drawbacks

of chemical methods like sol-gel, which produce films of limited thickness.

4. Operating at moderate temperatures (100500C), spray pyrolysis can produce films

with less robust materials.

5. By modifying the spray solution composition during the spraying process, it can be

used to create layered films with composition gradients throughout the thickness.
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Thermal decomposition of a source to release a metal or compound occurs. The sub-

strate temperature provides the necessary energy, known as activation energy, to trigger

the chemical reaction between the compounds. The experiment can be conducted in

air and can be prepared in a chamber (or reaction chamber) under approximately 50

Torr vacuum.

Indeed, depositing thin layers by spray pyrolysis involves spraying a solution onto a

heated substrate. The impact of the droplets on the substrate leads to the formation

of a disc-shaped structure that undergoes thermal decomposition.

Factors influencing the properties of thin layers by the deposition process:

- Substrate temperature.

- Precursor solution: the solvent, type of salt, solution concentration, and additives

influence the physical and chemical properties of the precursor solution.

There are numerous processes that occur sequentially or simultaneously during film

formation by spray pyrolysis. These include atomization of the precursor solution,

droplet transport and evaporation, diffusion on the substrate, drying, and decomposi-

tion of the precursor salt.

The microstructure of thin layers plays an important role in the optoelectronic prop-

erties of transparent semiconductor oxides.

2.4 Experimental Techniques for thin films character-

ization

We characterized our thin films by different techniques.

2.4.1 Structural characterization

X-Ray Diffraction (XRD) Principe

The crystalline structure of the thin films was analyzed by X-ray diffraction (XRD). This

method, mainly applicable to crystallized materials (in powders, monocrystalline or poly-

crystalline), aims to specify the structure of materials, to measure lattices parameters, the
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crystallites size, and the orientation statistic of crystallites. It must also make it possible

to examine the state of constraint. A polycrystalline material is composed of a multitude

of grains (crystallized domains considered as single crystals), themselves consisting of stacks

of crystalline planes. These planes are defined by their Miller indices (hkl), characterizing

the orientation of the lattice with respect to the elementary crystal lattice, and by their

interticular distance dhkl. This distance can be measured by X-ray diffraction using Bragg’s

law.

2dhkl sin θ = nλ (2.1)

dhkl:Interreticular distance, that is, the distance separating two consecutive index planes

(hkl). : Incidence angle of X-rays on the surface of the studied material. Also called a half

deflection angle in geometry called θ − 2θ or symmetrical diffraction.

n:Order of reflection.

λ:Wavelength of the X-ray beam of the same order of magnitude as the Interreticular dis-

tance.

Figure 2.14: Principle of X-ray diffraction

Information obtained from the X-ray Diffractogram

Information obtained from the X-ray Diffractogram.

A. grain size:

From the X-ray diffraction pattern, the width generated in a peak which known as

full width at half maximum (FWHM) (figure 2.15), can be used to calculate the mean

crystallites sizes of the film in a direction perpendicular to the respective (hkl) planes,
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Figure 2.15: Schematic diagram of an X-ray diffractometer [67].

by using the Scherer’s formula [[68], [69] ], which is given as:

Dhkl = 0.9λ/βhkl cos θhkl (2.2)

Where (Dhkl ) is the average grain size obtaining from the peak (hkl), (λ) is the wave

length of the X-ray beam, (βhkl) is the full width at half maximum intensity of the

peak (hkl) and ( θhkl) is the angel between the incident ray and the (hkl) scattering

planes.

Figure 2.16: Full width at half maximum (FWHM) of an arbitrary peak [69].

B. Lattice parameters:

Experimentally, the Bragg law can be utilized by using X-rays of known wavelength(λ0)

and measuring (θexp
hkl ), we can determine the inter planar spacing (dexp

hkl ) of various

planes in a crystal.

dexp
hkl = λ0/2 sin θexp

hkl
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In our case, it is the monoclinic lattice of CuO whose expression of the distance between

planes (hkl) is given in the following form :

1

dhkl

=
1

sin β
(
h2

a2
+

k2 sin β2

b2
+

l2

c2
− 2hl sin β

ac
)

1

2 (2.3)

Lattice Constant (a0) can be calculated of a particular cubic system through the

following relation. (hkl) parameters and the inter planar spacing ( dexp
hkl ) [70].

dexp
hkl =

aexp
hkl√

h2 + k2 + l2

The lattice parameters are substrate dependent. This gives rise to a mismatch between

the substrate and the deposited thin films. The latter is responsible of the resulting

strains and stresses.

The strain (ε) values of the films were estimated from the observed shift, in the diffrac-

tion peak between their positions in the XRD spectra via the formula [[71], [72]]:

ε = (aexp
hkl − arhe

hkl )/arhe
hkl

Where (ε) is the mean strain in thin films, exp hkl a is the lattice constant of thin

films and the hkl a the lattice constant of bulk.

We can be also estimating the lattices micro strain (µε) using another relationship

[[73], [74]]:

µε = β cos(θ)/4

A dislocation is an imperfection within the crystal associated with the miss registry of

the lattice in one part of the crystal with that in another part. Unlike vacancies and

interstitial atoms, dislocations are not equilibrium imperfections, i.e. thermodynamic

considerations are insufficient to account for involving dislocation as a matter of im-

portance [75]. The dislocation density (δ) is the dislocation lines per unit area of the

crystal can be evaluated from the grain size (D) using the formula [[74], [76]]:

δ = 1/D2(Lines/m2)
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C. Texture:

To describe the preferential orientation, the texture coefficient, TC (hkl) is calculated.

T C(hkl) =
I(hkl)/I0(hkl)

1
N

∑

N I(hkl)/I0(hkl)

Where I(hkl) is the measured intensity of a plane (hkl), I0(hkl) is the standard inten-

sity of the plane (hkl) taken from the JCPDS data and N is the number of diffraction

peaks. The value T C(hkl) = 1 represents films with randomly oriented crystallites,

while higher values indicate the abundance of grains oriented in a given (hkl) direction

[77].

Values 0 < T C(hkl) < 1 indicate the lack of grains oriented in that direction. As

TC(hkl) increases, the preferential growth of the crystallites in the direction perpen-

dicular to the hkl plane is the greater [77].

D. Dislocation density and number of grains:

The dislocation density (δ) can be calculated as the following [77]:

δ = 1/D2
av

and number of crystallites can be calculated from the relation [77]:

N0 = t/D3
av

Where t: is the thickness and N0: is the number of crystallites.

Raman spectroscopy

Definition:

Raman spectroscopy is an analysis the proposed an approach founded on the investigation of

molecular vibrations. It complements infrared spectroscopy. It is based on the phenomenon

of inelastic light scattering. The sample is excited by a monochromatic radiation, usually a

laser beam [91]. The energy variation observed for the photon then provides information on

the rotational and vibrational energy levels of the molecule or material concerned. Raman
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spectroscopy provides a wide range of information. It can be used to characterize short-,

medium- and long-range structural order, as well as a compound bond type and crystal

structure. Its performance is particularly remarkable. It is the spectroscopic method with

the best resolution (one micron) for identifying and characterizing compounds or phases. Its

ability to identify amorphous systems is also unrivaled [[92],[93]].

Principle:

The principle of Raman spectroscopy is relatively simple. It involves shining monochromatic

light onto the sample to be studied, and analyzing the scattered light. The scattering of

monochromatic radiation by molecules gives rise to low-intensity radiation with frequencies

different from those of incident radiation. These frequency changes, linked to the vibrational

and rotational energies of the molecules, are specific to each molecule and the intensity of

the scattered radiation is therefore characteristic of the material [94]. Scattering can be:

X Rayleigh or elastic : the incident radiation is elastically scattered without any change

in energy.

X Inelastic scattering or Raman scattering (Stokes or Anti-Stokes).

X The diagram depicted below provides a visual representation of the Rayleigh and Ra-

man scattering processes.

X If the frequency vdif(v0−vvib) of the scattered photon is lower than that of the incident

photon v0, the molecule gains vibrational energy (and the photon loses energy), forming

a Stokes line.

X If, on the other hand, the incident photon is scattered at a frequency vdif(v0 + vvib)

there is a loss of vibrational energy for the molecule (and a gain of energy for the

photon), which corresponds to the anti-Stokes line of much lower intensity [[95],[93]].

2.4.2 Optical characterizations

Optical methods allow to characterize a large number of parameters. They have the ad-

vantage over electrical methods of being non-destructive and do not require the reaction, of

ohmic contacts.

We distinguish two types of optical methods:
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Figure 2.17: Raman and Rayleigh diffusion mechanisms in case of v0 >> vvib.[93].

• The methods that study the optical response of the material to an excitation such as

photo and cathodo-luminescence.

• Methods that analyze the optical properties of the material such as; transmittance

and reflectance measurements and ellipsometry measurements. These spectroscopic

measurements can determine the optical refractive index, the thickness of the material

and the optical gap.

UV-Visible spectrophotometer

Ultraviolet-visible spectroscopy (UV-Vis) is used to measure the absorption spectrum of light

by the sample in the ultraviolet and visible (UV / Vis) range, where the energy absorbed

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

electrons absorb this energy to jump from a low energy level to a higher energy level.

This technique tells us about some optical properties of the material such as the estima-

tion of the optical absorption threshold, the absorption coefficient, the optical gap and the

refractive index. The optical transmittance spectra of the films involved in our work were

carried out at room temperature by a UV-Visible UV-Visible UV 3101 PC spectrometer type

Shimadzu, whose spectral range extends over a range of 350 nm to 800 nm. The UV-visible

spectrophotometer consists of three main parts: the radiation source, the sample holder and

the reference, and the measurement system. When a substance absorbs light in the in the

ultraviolet and visible domains, the energy absorbed causes disturbances in the electronic

structure of atoms, ions or molecules. One or more electrons absorb this energy to jump
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Figure 2.18: Schematic representation of the UV-Visible spectrophotometer[78]

from a low energy level to a high energy level. These electron transitions are in the visible

range, from 350 to 800 nm and ultraviolet between 200 and 350 nm. A homogeneous medium

traversed by the light absorbs a part of it, the different radiations constituting the incident

beam are differently absorbed according to their energies, the transmitted radiations are

then characteristic of the medium [[79], [80]].

The absorption of energy of photon equal or more than the band gap of the semiconductor

induces a photo-excitation, while transmittance can be defined as the fraction of light of a

given wavelength incident to a material that passes through that material.

Figure 2.17 presents the transmission curve of an arbitrary transparent thin film semicon-

ductor. Incident photons with energies hv ≥ Eg are absorbed, this absorption determined

by the properties of the film (e.g. thickness and impurities), since there are numerous va-

lence band electrons and the conduction band contains many empty states into which these

electrons can be excited. A photon with energy hv < Eg is unable to excite a valence band

electron to the conduction band, and as consequence they are transmitted, this explains why

some semiconductors are transparent in certain wavelength ranges. Thus, for pure (intrinsic)

semiconductors. There is negligible absorption of photons with hv < Eg, a photon will be

absorbed only if there are available energy states in the forbidden band gap due to chemical

impurities or physical defects, this process is called extrinsic transition [81].

Information obtained from the UV-Visible transmittance spectra:

Much information is obtained about the properties of materials when they interact with

electromagnetic radiation. When the light beam (photons) is an accident on an object, there
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Figure 2.19: Presents the transmittance curve of a thin film of metal oxide semiconductor[81].

is some expected absorption, determined by the properties of the material.

In the following we will integrate the properties of films that can be deduced from the

transmittance spectrum.

A. Absorption coefficient:

Absorption coefficient expresses the decrease in the intensity of a beam of photons at

its passage through a particular substance or medium.

When radiation of intensity ( 0ϕ ) is incident on material of thickness (t(nm)) the

transmitted intensity (φ) is given by Lambert-Beer-Bouguer’s law [82]:

φ0 = ϕ exp(−αt) (2.4)

For pure absorption, the constant (α) is the absorption coefficient. For scattering,

obeying by Lambert-Beer-Bouguer’s law, (α) is the scattering coefficient. And for the

total attenuation including both is the extinction coefficient given by the sum of the

absorption and scattering coefficient.

The transmittance (T) and the absorbance (A) are defined as follows [83]:

T = φ|φ0 = exp(−αt) (2.5)

A = − log10(T ) (2.6)
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A relation between transmittance (T), spectral absorbance (A) and spectral reflectance

(R), according to the law of conservation of energy is given by [84]:

T + R + A = 1 (2.7)

Based on the equations (2.5) we can obtain the following expression of absorption

coefficient [[83]-[85]]:

α = − ln(T )

t
≈ 2.303

A

t
(2.8)

We are using equation (1.14) for calculating the reflectance and equation (2.6) for cal-

culating the absorption coefficient in this work.

For (hv < Eg ), no electron hole pairs can be created, the material is transpar-

ent and (α) is small. For (hv > Eg) absorption should be strong and it is clear that

(α) must be strong. The absorption coefficient (α) is related to the incident photon

energy (hv) and the optical band gap energy of the material as [[81], [85]]:

(αhv) = C(hv − Eg)n (2.9)

Where C is a constant is a constant depending upon the transition probability,Eg is

the optical band gap, it is shown in figure 2.18, it is the separation energy between

bottom of the conduction band and top of the valence band. (hv) is the photon energy,

where (v) is the frequency of the incident photon, (h) is the Planck’s constant and (n)

is a constant it is equal to 1/2 or 3/2 depending on whether transition is allowed or

forbidden.

For allowed direct transitions (n=1/2) and for allowed indirect transition (n=2). Thus

if the plot of (αhv)2 against hv is linear then the transition is direct allowed [82].

From the calculated absorption coefficient (α) values the extinction coefficient (k) of
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Figure 2.20: Direct (a) and indirect (b) band gap [85].

the films were calculated over visible and near infra-red wavelengths using the following

formula [86]:

k =
αλ

4π
(2.10)

Where λ is the wavelength of the incident photon.

The rise and fall in the extinction coefficient are directly related to the absorption of

light. In the case of polycrystalline films, extra absorption of light occurs at the grain

boundaries [85]. This leads to non-zero value of k for photon energies smaller than the

fundamental absorption edge.

B. Energy band gap:

The energy band gap and transition type can be determined from mathematical treat-

ment of data obtained from optical transmittance versus wavelength. According to

Tauc’s relation for direct bang gap semiconductor such as NiO [[85], [86]]:

(αhv)2 = A(hv − Eg) (2.11)

Where (A) is a constant, (Eg) is the optical gap energy. Figure 2.19 shows the plot

of (αhv)2 versus (hv), it reveals the linear nature of the plot near absorption edge

indicates the existence of the direct transition between bands. Hence, this linear rela-

tionship is a clear indication that the material is direct band gap semiconductors.
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Extrapolating the straight line portion of the absorption spectrum in figure 2.19 inter-

sects the zero absorption coefficients (α = 0) (energy axes) [87]. The value of energy

at this interesting point indicates the energy of band (Eg).

Figure 2.21: Determination of the energy gap Eg by the extrapolation method from the
variation of (αhv)2 as a function of hv for a thin layer. [86]

C. Urbach energy:

Mott and Dais noted that oppositely to pure crystalline structures, where the funda-

mental edge is mainly determined by conduction and valence levels, ion-doped binary

semiconductor compounds present a particular optical absorption edge profile.

In these materials, the absorption coefficient profile increases exponentially with the

photon energy beneath the energy gap. This variation results in “blurring” of the va-

lence conduction bands and narrows slightly the band gap by the occurrence of the so

called Urbach tails (figure 2.20).

Urbach tailing has been attributed, to various causes. Earliest investigations tried to

relate it to the thermally induced lattice disorder [[88], [89]]. Generally, at optical ab-

sorption, near band edges, an electron from the top of the valence band gets excited to

the bottom of the conduction band across the energy band gap. During this transition

process, if these electrons encounter disorder, it causes changing in density of their

states ξ(hv), tailing into the energy gap. This tail of ξ(hv) extending into the energy

band gap is termed as Urbach tail. Consequently, absorption coefficient α(hv) also

tails off in an exponential manner and the energy associated with this tail is referred
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to as Urbach energy and can be calculated by the following equation :

α = α0 exp(
hv

Eu

) (2.12)

ln α =
1

Eu

(hv) + ln α0 (2.13)

Where (α0) is the pre-exponential factor, (hv) the photon energy and (Eu) is the band

tail width commonly called Urbach energy. The band tail width is also related to the

disorder in the film network [[89], [90]]. The Urbach energy, or the disorder, can be

estimated from the inverse slope of the linear plot of ln(α) versus (hv) as represented

in Figure 2.20.

Figure 2.22: Schema of Urbach tails [88].

2.4.3 Electrical characterization

Electrical characterization methods for the analysis of thin films include the measurement

of the electrical resistivity (ρ). ρ is a key physical property of all materials. It is often

necessary to accurately measure the value of ρ of a given material.

There are four methods commonly used for the measurement of resistivity such as:

a) Direct method

b) Two point probe method
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Figure 2.23: determination of the Urbach energy from the variation of ln (α) as a function
of hv for a thin layer [90].

c) Four point probe method

d) Van der Pauw method

In this work, four point probe method has been used for electrical measurements.

Four Point Probe Method

The four point probe method has proven to be a convenient tool for the resistivity mea-

surement of small size (of the order of mm) specimen. This method is applicable when the

distance between the probes is small compared to the smaller dimension of the sample, and

provided none of the probe is too close to an edge of the sample.

Resistivity measurement using the four-point technique

Four metal spikes are applied to the sample. The probe is comprised of four contacts that

are arranged in a linear fashion and are evenly distributed. The source supplies an electric

current, denoted as I, which flows via the external terminals. The voltage V is measured

across the terminals of the two inner tips.

The resistivity is linked to the measurement of the
∆V

I
ratio according to the relationship :

ρ =
∆v

I
.e.

π

ln 2
(2.14)

The square resistance of a layer is defined by the resistance of a sample whose length is equal

to the width. In the case of a uniformly doped layer [[96],[96]], the sheet resistance RD of a
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Figure 2.24: Diagram showing how to measure resistance using four-point method.

layer of thickness e is linked to the resistivity ρ by the relationship :

RD =
ρ

e
(2.15)

with ρ the film resistivity and e the film thickness.



CHAPTER

3

EXPERIMENTAL PROCEDURES AND

RESULTS

3.1 Experimental device used

We deposited CuO thin films by spray pyrolysis method on cleaned glass substrates. The

assembly was carried out at the LRPCSI laboratory of the University of Skikda.

The device used is very simple, it is a manual sprayer, in which, we put the deposition

solution which is in our case copper chloride CuCl2, the latter is doped with lithium with a

percentage of 2%, 4%, and 6% using the lithium chloride solution LiCl , the sprayer is fixed

at a distance of 25 cm from the substrate, the nozzle of the latter is oriented towards the

heated substrate, the temperature of the heating plate is displayed by a thermometer from

a thermocouple laid on the substrate. The block diagram of the deposition system used is

shown in Figure (3.1).
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Figure 3.1: Diagram of the thin film deposition device by pyrolysis spray technique.

Figure 3.2: Actual mounting of the pyrolysis spray mounted at the LRPCSI laboratory at
the University of Skikda.
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Figure 3.3: The dehydrated copper chloride doped Li solution used for the deposition of our
layers.

Figure 3.4: Actual photo of thin films obtained from copper oxide CuO.
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The solution (CuCl2.H2O) + (LiCl.H2O)
The molarity of two solutions 0.1 mol/l

Substrate Verre
Substrate temperature 350◦ ± 5◦C

The bec-substrate distance 25 cm
The bec-substrate angle 45◦

Time of spray 1s
Time between two sprays 1s

Spray number 100

Table 3.1: Experimental conditions for the elaboration of Li-doped CuO thin films.

3.2 Filing procedure

CuO will be deposited on glass substrates that are cut by a diamond tip pen. Taking into

account that the quality of the deposit depends on the propretity and the surface condition

of the substrate, the latter are cleaned with acetone, after rinsing with distilled water and

finally drying with a dryer.

To obtain the copper oxide films CuO doped Li, we sprayed a copper chloride solution

(CuCl2.H2O) by mixing with the LiCl lithium chloride solution on a glass substrate heated

to 350◦C with a percentage of 2%, 4% , and 6%.

The following table (3.1) groups the parameters used when filing:

3.3 Identification of the material obtained

The comparison of the data with the JCPDS references (sheet N=45-0937) confirmed the

cassiterite structure (monoclinic structure) of our films. The CuO phase was obtained

around 2θ = 36.43◦, 38.51◦, 47.33◦, 54.58◦, 58.77◦, 63.13◦, 66.22◦ and 68.12◦ which

corresponds respectively to the planes (002), (111), (-202), (020), (202) , (-113) , (312) and

(113). (Figure 3.5).

Diffraction spectra show that our material has a polycrystalline structure. In all these films

there are two preferential directions in the directions (-111) and (002) the latter which is the

most intense. The intensity of these two peaks increases with the increase in the doping rate

(Figure 3.5).
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Figure 3.5: Diaffractograms of Li-doped CuO layers for different doping rates

The texture coefficients are calculated from the XRD data by using the equation [98]:

T C(hkl) = (I(hkl)/I0(hkl))/
(

1/N
∑

N

(I(hkl)/I0(hkl))
)

(3.1)

Where I0(hkl) is the standard relative intensity, I(hkl) is the measured intensity and Nis

the number of reflections. The texture coefficients of (002) and (-111) planes were calculated

and their changes with increasing Li-doping. It was observed that the texture coefficient of

the (002) plane was greater than unity which decreased with increasing doping rate up to

2% of Li and stabilize around to unity . It is known that an enhancement in the texture

coefficient denotes increased number of grains along the plane. Therefore, it can be concluded

that the Li-doping reduces the number of grains at low concentrations, but increases it again

at high concentrations. It is also clear that (002) is the preferential orientation for Li-doped

CuO films compared to the pure CuO. Naveena et al [99] and Parabu et al [100] also reported

in their studies that the (002) plane is the preferential orientation of the CuO films.

The crystallite sizes, D, of the films were obtained from the two inten sepeaks using the

Debye–Scherer equation [101]:

D =
0.89λ

β cos θ
(3.2)
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Where λ = (1.54056) is the wavelength, θ is the Bragg’s angle of the peaks, β is the

FWHM. The crystallite size of the samplesis influenced by the Li concentration as shown

in Figure 3.3.The average crystallite size (Dmean) values are found to be 124, 112, 114 and

104Å for 0, 2, 4 and 6% Li-doped films, respectively. As can be seen from the structural

parameters listed in Table 1 and Figure 3.5, the Li-doping caused larger crystallites to form.

The dislocation density (δ)and the strain (ε) were obtained using the equations [5]:

Figure 3.6: Plot of crystallite size of Li-doped CuO layers for different doping rates

δ =
1

D2
(3.3)

ε =
β cos θ

4
(3.4)

ε and δ values belonging to (002) plane are given in Table 3.2. As can be seen, the Li-doping

caused a slight decrease in both parameters. Moreover an inversely proportional relationship

between strain and size of the crystallites was observed.ε and δ values are enhanced due to

the increase in the number of grainsand decrease in crystallite with Li-doping. This change

can also be explained by the difference in the ionic radii between Li+(0.76Å) and the

copper Cu2+(0.73Å) ions. Similar results comparable to those obtained here were also

found by Shannonet al.[103]. However, attenuated strain suggests there diction in the lattice
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Li Concentrations (at.%) 20(◦) FWHM dhkl(Å) D(Å) ε() δ(1/nm2)10−3

0 35.96 0.676 2.497 115.272 0.31 7.5257
2 35.97 0.307 2.498 118.526 0.41 7.1181
4 35.98 0.451 2.498 105.272 0.66 9.0234
6 35.88 0.471 2.500 117.362 0.65 7.2601

Table 3.2: Structural parameters of Li-doped CuO thin films

Li (at.% ) a(Å) b(Å) c(Å)
0 4.643 3.412 5.112
2 4.643 3.406 5.101
4 4.671 3.402 5.118
6 4.641 3.409 5.095

JCPDS : N=45-0937 4.653 3.410 5.108

Table 3.3: Lattice constants for CuO the films pure and Li-dopedCuO.

defects concentration. Accordingly, to the fact that these two quantities are related to the

dislocation networks, their decrease is synonym of better crystalline quality. This means that

the doped films haves maller micro stain values, which may denote a slight enhancement in

the crystallinity. Similar conclusion supporting this effect was also reported by Bayansalet

al. [104].

The lattice parameters a, b, c for a monoclinic structure are evaluated using this equation:

1

d2
hkl

=
1

sin2 βS
(
h2

a2
+

l2

c2
− 2hl

ac
) +

k2

b2
(3.5)

Where the values a, b, c denote the lattice parameters, (hkl) are the Miller indices, d is the

inter planar distance and β is 99.48◦ for the monoclinic structure. The calculated lattice

constants for the films are given in Table 3.3 where the standard values of the constants,

a = 4.6530Å, b = 3.410Å and c = 5.1080Å were used (JCPDS file no: N=45-0937).

It is obvious that the constants calculated in this study are very close to the standard

values. This might be due to the variation of the lattice constants by the fact that CuO

has a complex monoclinic structure, and the strains that occurred during the formation of

the films. However, the increase in Li concentration led to a slight increase in the lattice

constants. At 4% of Li-doping the lattice constant, a, reached 4.671Å. The observed

increase in the parameter a can be attributed to the different ionic radii of Cu2+and Li+.
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3.4 Characterization by -Raman spectroscopy

In Figure 3.7, we have represented the Raman spectra of CuO films for different doping rate.

Raman spectra are composed of three main modes Ag and 2 Bg located at 277.27cm−1,

333.11cm−1 and 624.64cm−1. These peaks are widely reported in the literature [[105]-

[107]]. This confirms the presence of a single CuO phase with a monoclinic structure as

deduced from the diffraction analysis. Our Raman spectra were recorded using a Bruker

senterra Raman spectrometer with a 532 nm Laser AlGaAs excitation. There is also a

Figure 3.7: CuO Raman spectrum for different flow rates.

high intensity of the Ag mode, It is well known that this Raman mode which characterizes

the monoclinic structure in a single CuO phase. Ag’s peak position is highly dependent

on several factors such as grain size and film crystallinity [[108],[109]]. From the obtained

results we notice that films have better structural properties of our CuO layers.

3.5 Thickness measurement

The thickness of our layers was measured by the profilomer with mechanical probe, in our

case we find a thickness of 486 nm, which corresponds to a fixed spray number of 100 spray

(optimal spray : a number that has high optical, structural and electrical characteristics).
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3.6 Electrical properties

The electrical properties of thin films are of considerable interest in several applications such

as solar cells, gas collectors and flat screens. Among these properties we cite electrical resis-

tivity as one of the most important parameters in the study of transparent and conductive

oxides. For the calculation of the resistances of our films, we used a device measuring by

four points, model JANDEL connected to a Keithley 2400 metric source (Figure 3.8).

Figure 3.8: Real image of Keithley 2400.

The electrical resistivity is plotted as a function of the doping rate of Li.

Therefore, the resistivity of the films was measured at room temperature in the dark using

the four probe method. Figure 3.9 shows the variation of the resistivity of the films with

respect to Li concentration. The results reveal that the resistivity of the films decreased with

increasing of Li concentration from 339 to 186 KΩ. The decrease in resistivity might be due

also to these reasons: (i) improved crystallization, (ii) interstitial position of Li ionsand (iii)

reduction in the carrier scattering as a consequence of the decrease in the number of grains.

Anand et al. [110] and Khodair et al. [111] reported comparable results to resistivity values

calculated in this study.
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Figure 3.9: Variation in electrical resistivity of CuO layers as a function of Li doping rate.

3.7 UV-Visible Optical Caraterisation

3.7.1 Transmission

Optical transmission in the UV-visible domain is an important characterization to assess the

quality of deposited films. It must embrace maximum in visibe [15-20]. The transmission

spectra are obtained by UV spectrophotometer – visible Shimatzu 1700 ( Figure 3.10), in

the wavelength range between 200-900 nm. The results are shown in Figure 3.11.

*

Figure 3.10: Real image of UV spectrophotometer – visible Shimatzu 1700.
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Figure 3.11: Visible UV transmission spectrum of CuO for different percentage of doping by
Li.

Figure 3.12 the optical transmittance with respect to the wavelength in the spectral range

from 300 to 900 nm. The spectrum of undoped film exhibited a maximum (about 70%)

around 780 nm. On the other hand, it was decreased with increasing Li-doping and reached

a minimum (about 60%) when Li concentration was to 6 at.%. This range of transparency

corresponds to an acceptable absorption in CuO due to the transitions between the valence

and the conduction band. The decrease in the transmittance originates from the increase in

the surface roughness of the films.Similar results are outlined by Naveena et al. and Hussin

et al. [[118], [119]].
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Figure 3.12: Band gap variation of the films CuO pure and Li-doped CuO.

Figure 3.13: Behavior of direct band gap energy of the films with respect to the Li concen-
tration.

To obtain the Eg values, Tauc plots which shows the variation of (ahv)2 with respect

to the photon energy (hv) was drown. The Eg values were obtained by extrapolating the

linear part and finding the interception point of the plots with the x-axis in Figure 3.12.
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The estimated Eg values of the films were found to be 1.88, 1.79, 1.72 and 1.64 eV, respec-

tively, and are shown in Figure 3.13. At increasing Li concentrations, Eg is reduced from 1.88

to 1.64 eV. Which is in good accordance with previously reported data [121]. This decrease

might be attributed to variations in the crystallite size and Li ions adopting substitution

position sites in the CuO lattice. When Li is doped into CuO, the optical energy band gap

decreased due to band tail effects. This is because the donor density increases in parallel

with the increase in the ratio of Li added to the structure. This can result in the creation of

tail-like states to extend below the conduction band [121].



CONCLUSION

To improve the quality of film layers, another extremely interesting area for CuO copper oxide

was to study the influence of doping. In fact, the X-ray diffraction (XRD) showed that Li’s

doping contents improved CuO’s crystallinity without damaging its monoclinic structure.

The films studied with the highest doping concentrations showed the highest percentage of

transmission. However, the optical gap has been studied for different amounts of doping.

Indeed, the electrical part revealed a significant increase in conductivity and mobility.

A decrease in resistivity and carrier concentration of prepared films was studied and con-

firmed that growth in films was p-type in nature. These results lead to experimental inves-

tigations when improving their properties for gas sensors.

In addition, the material studied CuO presented in this work is of great importance because

it allows the manufacture and development of an efficient gas sensor at very low cost. In

addition, it has great potential for inexpensive photovoltaic devices. Further research is

needed to achieve these goals. A lot of work and effort is still underway in our laboratory

to use this material to make a gas sensor and thin film based CuO photovoltaic devices. It

is an ambitious task that is a perspective like a future work that will be a continuation of

the present work.
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