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_ General introduction

General Introduction

Metal oxide semiconductors are highly attractive materials due to their unique
properties. they are known for being abundant in nature, environmentally friendly, easy to
synthesize, and cost-effective [1]. In recent decades, there has been growing interest in the field
of conductive metal oxides, particularly compounds such as copper oxide (CuO and Cu,QO) and
chromium oxide (Cr,O3). These materials exhibit outstanding performance in various
industrial applications, such as photovoltaic cells, laser diodes, gas sensors and others[2,4].

These materials are generally classified as wide bandgap semiconductors and are
divided into two main types based on their conduction mechanism: n-type (electron
conduction) and p-type (hole conduction). In recent years, p-type metal oxides have attracted
considerable research interest, particularly chromium oxides and copper oxides [5,6]. Copper
oxide exists in two stable crystalline forms: cupric oxide (CuO) and cuprous oxide (Cu,0),
both of which are p-type semiconductors with wide and direct optical bandgaps of
approximately 1.2 eV for CuO and 2.1 eV for Cu,O [7]. They also exhibit high electrical
conductivity. The most stable. Both oxides are being studied as possible candidates for
optoelectric and electrochemical applications [8].

Chromium oxide is an inorganic compound that exists in various chemical forms such
as CrO and CrO, but the most widely recognized and utilized form is Cr,O5 [9]. This
compound naturally occurs as a rare mineral known as "Eskolaite” and is considered one of the
most important chromium oxides due to its distinctive properties. Cr,O3 appears as a green-
colored substance and is classified as a p-type semiconductor with a direct band gap of 3 eV
[10]. It is widely used in several fields, including the manufacture of heat-resistant bricks for
furnaces. It is also incorporated into glass and mirrors to reduce light reflection, and employed
in magnetic storage media for audio and video recording. Additionally, Cr,O; serves as a
polishing agent for fine surface finishing of materials such as gemstones, diamonds, and glass
[11].

Several techniques are available for the preparation of undoped and chromium-doped
copper oxide thin films, such as chemical deposition, thermal evaporation, and sputtering, in
addition to more advanced methods like sol-gel, chemical vapor deposition, and spin coating
[12]. However, spray pyrolysis—particularly the ultrasonic variant—is considered one of the
most common and effective techniques due to its simplicity, low fabrication cost, and ability

to deposit uniform films over large areas at relatively low temperatures [13,14,10].
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This work aims to develop thin films of undoped and chromium-doped copper oxide (CuO) at
various atomic concentrations using the ultrasonic spray pyrolysis technique on glass substrates
heated to 350°C. The films were deposited from an aqueous solution of copper(ll) chloride
dihydrate (CuCl,-2H,0) and chromium(l1l) chloride hexahydrate (CrCl;-6H,0), with a fixed
distance between the nozzle and the substrate.

The study focuses on investigating the effect of chromium doping and annealing on the
optical and electrical properties of the prepared CuO thin films, while attempting to interpret
the observed variations in these properties through changes in the structural and morphological
characteristics resulting from doping and thermal treatment.

This work was carried out at the Laboratory of Materials and Structure of Electromechanical
Systems and their Reliability (LMSSEF) at Larbi Ben M hidi University in Oum El Bouaghi.
The samples were characterized using various techniques, including UV-Vis-NIR spectroscopy
and the four-point probe method, in order to accurately determine their optical and electrical
properties.

In our thesis, the adopted approach to presenting our work is organized into three chapters:

» The first chapter is dedicated to the concepts of thin films, their preparation techniques,
transparent conductive oxides, the fundamental properties of copper oxide, and its fields
of application.

» The second chapter focuses on the preparation of undoped copper oxide films and
chromium-doped copper oxide films Characterization techniques of thin films.

> The final chapter presents the experimental results obtained (optical and electrical
properties) of our samples and discusses the variations in these properties due to the
effects of doping and annealing, as well as the relationship between these variations.

In conclusion, we summarize at the end of this work the general findings that highlight the

different stages and the results that have been achieved.
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_ Chapter I: Overview on copper oxide thin film

Chapter I: Overview on copper oxide thin film

In recent years, thin films of metal oxides have become outstanding materials due to their
diverse industrial applications[15]. Copper oxide is one of the most prominent among these
oxides. This chapter focuses on a bibliographical study of thin films and their deposition
methods, reviewing various deposition processes and the general properties of copper oxide,
including its structural, optical, and electrical characteristics, as well as its wide range of

applications.

1.1. Overview on thin film

Thin film technology is the basic of astounding development in solid state electronics [16],
where its studies have directly or indirectly advanced many new areas of research in solid state
physics and chemistry which are based on phenomena uniquely characteristic of the thickness,
geometry, and structure of the film; they are especially appropriate for applications in

microelectronics and integrated optics [16,17].

Thin film is a layer of material ranging from fractions of a nanometer (monolayer) to
several micrometers in thickness. This small distance between the two surfaces limits (almost

two-dimensional) causes a perturbation of the majority of physical properties [17].

The atoms of thin film grow on a substrate surface arranged predictably in their almost

correct crystallographic position [17].

The thin film of the same material and the same thickness may have different physical
properties depending on whether it is placed on an amorphous insulting substrate such as glass
[18].

1.2. Thin film deposition techniques

Deposition techniques have significantly evolved in our time, leading to the emergence of
a wide range of methods that vary based on their applications. The figure 1.1 illustrates the
most commonly used global methods for preparing thin films. These methods are categorized

into two main types :

¢+ Physical methods

«*» Chemical methods
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‘ Thin Film Diposition Techniques W

|

s
]
Evaporation Sputtering Gaz phase Liquid
phase

» Vacuum thermal » PECVD

» Laserbeam ; IC(}Jlrcl) v]?:'e;isnzhar . » Sol-Gel
evaporation DC 5 » PLCVD o Dip-Coating

» Moleculdr baem > M . o Spin-Coating
epitaxy agnet Ori{F » MOCVD » Chemical bath

> Electron beam . }T;‘;:;‘gll terin deposition(CBD)
heating > puticring » UHV CVD » Electrodeposition

G‘etter sputtering »  Spray Pyrolyse
» Bias sputtering

Figure 1.1. Thin film deposition techniques.

1.2.1. Physical deposition Methods

ticularl
Physical methods %arrﬁcﬁﬁi%al vapor deposition (PVD) rely on the freezing or direct ejection

of materials from targets while in their gaseous state. The fundamental techniques of this
method include evaporation and sputtering in all its forms. These deposition techniques enable
the production of a wide range of materials at a relatively low deposition temperature (<
500°C), for example [19].

> Etallic films (such as Al, Cu, Ti, etc.) and their alloys

> Refractory metal films (such as Mo, Ta, W, etc.).

» Oxide films (such as ZrO,, SiO,, Al,O3, TiO,, etc.).

» Films of nitrides, silicides, carbides, borides, and fluorides.

Physical methods offer many advantages over chemical methods, such as producing dense

films, ease of process control, and the absence of pollution [20].
1.2.1.1. Stages of formation of thin films by physical methods

The following main stages often occur in the physical methods: nucleation (atom

deposition), coalescence, and growth.
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_ Chapter I: Overview on copper oxide thin film

» Particle nucleation stage

This stage corresponds to the changes that occur at the material state level and represents

the moment when the material transitions into a new state, whether chemically or physically.

These materials are transformed into a nucleus and deposited on the substrate surface. They
are formed thermally by the interaction of the material’s atoms with the substrate surface,

leading to the formation of what is known as agglomerates, as illustrated in figure 1.2 [21].

N

O O
’ domino

Figure 1.2. A schematic diagram illustrating the nucleation stage of thin film deposition [15].

> The coalescence stage

It’is the second step in the formation of a thin film, where stable island growth occurs by
increasing the size of the nuclei formed in the previous stage and merging them together
(Figure 1.3). Coalescence can be accelerated by increasing the mobility of condensed materials
on the surface (e.g., by increasing the substrate temperature). When these islands reach a certain
density, they flatten to increase coverage and merge with each other. If the probability that all
islands on the substrate are oriented in the same direction is low, this coalescence results in a

polycrystalline structure. In the opposite case, a single-crystal thin film is formed [22,23].
As a result, achieving a single-crystal thin film is not always possible.

._.“\
.&/"
.

Figure 1.3. A schematic illustrating the coalescence stage [15].

where is surface change this image
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_ Chapter I: Overview on copper oxide thin film

» The growth stage

It’is the final step in forming a thin film. This phenomenon is considered a continuation of
the bonding process, where a continuous layer forms on the substrate surface by filling the gaps

(voids). The boundaries between the formed nuclei are called grain boundaries, as shown in

Figure 1.4 [24].
(a)

Figure 1.4. A diagram illustrating the stages of coalescence and growth of thin fims [15].

(b)

The growth modes were classified by Ernst Bauer in 1958 into three modes (Figure 1.5) [25] :

o Layer Growth (Frank—Vander Merwe): This mode of growth is two-dimensional

(2D), where atoms are deposited layer by layer on the substrate surface. This mode of
growth occurs when the interaction between the deposited atoms is stronger than their
interaction with the substrate, leading to the formation of thin and continuous layers.
 Island Growth (Weber—\Volmer): This mode of growth is three-dimensional (3D),
where the growth process occurs in the form of isolated islands on the surface.
e Layer-Plus-Island Growth (Stranski—Krastanov):This is an intermediate
growth mode between the first two modes. Initially, the growth starts as a 2D layer, but

after depositing a certain number of layers, the surface energy leads to the formation of
3D islands.

Frank van der Merwe Volmer-Weber Stranski-Krastanov

e ittt
e —

Figure 1.5. Growth modes of thin films [26].
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1.2.1.2. Vacuum evaporation technigues

In this technique, the interconversion between the solid and vapor phase takes place in a
vacuum environment. There are several evaporation methods available for thin-film deposition
[27].

A. Thermal evaporation technique

This technique relies on heating the material to high temperatures until evaporate. The
process takes place inside a vacuum chamber with an air pressure ranging between 10 Pa and
107 Pa [28].

Condensation and deposition occur on the surface of the substrate when this substance
evaporates, forming a thin layer. The speed of deposition of these substances depends on two
main factors: the distance between the evaporating substance and the substrate and the

temperature of the source[15].

The surface of substrate must be vertically aligned with the vapor flow to achieve optimal

results [29]. The figure 1.6 illustrates vacuum deposition machine and its principle [30].

Vacuum

chamber
Crystal Substrate

Monitor

Pressure , &4
Monitor Lol
1
Material

L

Voltage Supply

Figure 1.6. Thermal evaporation technique machine and its diagram [31].
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B. Laser beam evaporation (Laser ablation)

Laser ablation is the process of removing material from a solid surface by irradiating it
with a laser beam. At low laser flux, the material is heated by the absorbed laser energy and
evaporates or sublimates. At high laser flux, the material is typically converted to plasma.
Usually, laser ablation refers to removing material with a pulsed laser (Figure 1.7), but it is
possible to ablate material with a continuous wave laser beam if the laser intensity is high
enough. In general, the method of pulsed laser deposition (PLD) is simple. Only few parameters
need to be controlled during the process. Targets used in PLD are small compared with other
targets used in other sputtering techniques. It is quite easy to produce multi-layer film
composed of two or more materials. Besides, by controlling the number of pulses, a fine control

of film thickness can be achieved [32].

Laser beam

Port with
quartz window
Target /
carr%:uscl Heatable
4 " sample stage
s” - Substrate \
L—

Vacuum chamber

Figure 1.7. Pulsed laser deposition machine and its diagram [33].

C. Molecular beam epitaxy (MBE)

This technique is based on the sublimation by heating of the elements to be deposited and
their condensation on the surface of a substrate, without interaction between the precursors
other than on the substrate (figure 1.8). Although this method is suitable for depositing
monocrystalline films in epitaxy relationship with the substrate with excellent control of the
thickness, it presents the disadvantages of imposing a very high vacuum (10-'2 bar) and of being
very slow (about one single layer per second). The films deposited are very sensitive to the

quality of the substrate [34].
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Principalshutter
Window

Cellshutters

Effusioncells

RHEED electron gun Rotating sample holder
lonizationmanometer

Airlock valve

Effusioncells

Effusioncells

Fluorescentscreen

RHEED Motor

Figure 1.8. Molecular beam epitaxy (MBE) machine and its diagram[17].

D. Electron beam heating

The principle of this method is presented in Figure 1.9. The electron beam generated by a
tungsten filament (W) is deflected by an electromagnet towards the crucible containing the

material. This technique has two important advantages [17,35,36]:

«» Itis easy to control the applied power, therefore the evaporation rate. Consequently, the
deposition on the substrates can be easily controlled in a wide range of speeds, from
very low to very high.

+ The material to be evaporated is placed in a water-cooled copper crucible, which

eliminates the problems due to contaminations by the crucible.

Molten
Pool

Electron

! Vacuum Beam
Crucibls |
e | Pumps Source

Figure 1.9. Electron beam heating machine and its diagram[37].

Window

Sample
transferunit
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1.2.1.3. Sputtering technique

Sputtering technique is mostly used for depositing films by controlling the crystalline
structure and surface roughness. The simple form of the sputtering system consists of an
evacuated chamber containing metallic anode and cathode in order to obtain a glow discharge
in the residual gas in the chamber. Also, an applied voltage in the order of several KeV with
pressure more than 0.01 mbar is sufficient for film deposition. The sputtering process depends
on the bombardment of the ions released from the discharge to the molecules in the cathode
leading to the liberation of the molecules from the cathode with higher kinetic energy . The
atomic weight of the bombarding ions should be nearly to that of the target material in order to
maximize the momentum transfer. These molecules move in straight lines and strike on the
anode or on the substrate to form a dense thin film. The diagram of the sputtering system is

shown in Figure 1.10 [38].
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Figure 1.10. Sputtering technique machine and its diagram [37].

1.2.2. Chemical deposition Methods

Chemical methods also primarily depend on chemical reactions that result in material
formation. When classifying these methods, they can be divided into two main categories: the
first involves film formation chemically from components added to the medium, while the
second refers to film formation through chemical reactions between intermediate

components.

1.2.2.1. Chemical vapor deposition (CVVD)

Chemical Vapor Deposition (CVD) is an advanced industrial technique used to deposit

thin solid layers on substrate surfaces by chemically reacting gas-phase constituents at or near
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the surface to form a solid product. This method is among the most efficient and precise for
thin film formation, especially in applications that require strict control over thickness and

structural composition [39].

The CVD process involves a sequence of integrated steps: introducing reactive gases into the
reaction chamber, activating these gases using heat or plasma to initiate chemical reactions,
followed by adsorption of the active gases on the substrate surface. The chemical reactions then
occur on the surface, forming the solid film. Volatile byproducts are subsequently transported

away, and waste gases are exhausted [39].

This technique encompasses several scientific disciplines, including gas-phase chemistry,
thermodynamics, Kkinetics, transport mechanisms, and reactor engineering. The fundamental
chemical reactions involved include pyrolysis, oxidation, reduction, hydrolysis, nitride and

carbide formation, synthesis reactions, disproportionation, and chemical transport [39].

Several factors influence the deposition rate and the quality of the resulting film, such as
temperature, pressure, input concentrations, gas flow rates, reactor geometry, and the operating
principle. Together, these parameters allow for precise control over film characteristics,
making CVD a key technology in many industrial applications, particularly for coating

substrates under low pressure and at high temperatures [39].
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Figure 1.11. CVD steps thin film formation [40].
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A. Plasma enhanced chemical vapor deposition (PECVD)

PECVD is a plasma-enhanced CVD process where deposition is achieved by introducing
reactant gases between a grounded electrode and an energized electrode (Figure 1.12). The
capacitive coupling between the electrodes excites the reactant gases into plasma, which
induces a chemical reaction and results in the reaction product being, deposited on the
substrate. The gear, which is placed on the grounded electrode, is typically heated to 300°C.
PECVD is used to deposit thin films of various materials on substrates at lower temperature

than that of standard CVD technique [41].

Process RF power

s It
Process —
Water "

By-products to Heated plate
the pump

Figure 1.12iagram and machine PECVD[17].

A. Metal-organic chemical vapor deposition (MOCVD)
MOCVD (Metal-Organic Chemical Vapor Deposition), at atmospheric or low pressure, is a
technique inherited from microelectronics, where many surface depositions are performed

using CVD (Chemical Vapor Deposition), such as polysilicon or silica at low temperatures.
This process involves bringing a volatile compound of the material to be deposited into contact
with the substrate [35].
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Figure 1.13. MOCVD system diagram [35].

B. Ultra-high vacuum chemical vapor deposition (UHV-CVD)

In this method (Figure 1.14), thin films are deposited under a pressure lower than 10 Pa to
minimize contamination of the thin films by gases present in the experimental environment

[15].

Inert gas
inlets
Linear

translatclr;J

Water

Figure 1.14. UHV-CVD system diagram[15]

1.2.2.2. Chemical solution deposition (CSD)

A. Sol-Gel technique

* Sol: a stable suspension of colloidal solid particles or polymers in a liquid.
* Gel:porous, three-dimensional, continuous solid network surrounding a continuous
liquid phase.

Sol-gel is a chemical synthesis technique for preparing glasses, gels and ceramic powders. For

the purposes of many theses, it will serve as an easy way to make high purity glass in solution
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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 [42].
There are two main sol-gel methods :

e Dip-Coating method: is used less frequently. It involves immersing the substrate
in the solution to be deposited and then withdrawing it at a constant rate, which
affects the thickness of the deposited layer [43].
After the deposition process, the layer is dried and then heated to achieve crystallization.

Substrate

Precursor \ F‘I
solution \J

Step 1 Step 2 Step 3 ) Step 4

!

L
o
..
°
* o

Figure 1.15. dip coating basic process [44].

e Spin-Coating or centrifugation method : involves pouring the sol or gel onto
the surface of a substrate that rotates at a specific speed. The centrifugal force
causes the liquid to be expelled, while the thickness of the deposited layer
depends on the rotation speed of the substrate and the deposition time [43].
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Figure 1.16. Spin-Coating basic process[45].

B. Chemical bath deposition technique

Chemical bath deposition (CBD) is also known as solution growth technique or controlled

precipitations. It is the oldest method to deposit films on a substrate [46] . The deposition can
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be performed at lower temperatures. It is based on the formation of a solid phase from a

solution.

In the chemical bath deposition procedure, the substrate is immersed in a solution
containing the precursor. This method depends upon parameters such as bath temperature, pH
of the solution, the molarity, and time. Figure 1.17 represents the simple chemical bath
deposition method[46].

pH probe <
— Sample holder
e | A

]

Glass substrate

\Idg,mtlc Stlrrtﬁ D

Figurel.17. Chemical bath deposition technique [47].

C. Electrodeposition

An electric current is passed through an electrolytic solution containing metal ions to be
deposited between a metallic electrode and the substrate. The deposition will only occur on the
parts of the substrate covered with this initial metallic layer, as shown in Figure 1.18. The
thicknesses range of film obtained by using this technique from a few micrometers to several
hundred micrometers [48].

o
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------ Stirrer
Power Supply —=--—- > .:M:. gn .“:,_;.
__ Hot plate with @E (o) (se0)(e e

magnetic stirrer

Figure 1.18. Electrodeposition diagram [49].
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D. Spray pvyrolyse

This technique relies on dissolving the source material to be deposited in a suitable solution
(precursor solution) and then spraying it in the form of fine droplets. These droplets (containing
tens of microns per drop) are sprayed onto a hot substrate at an appropriate temperature. A
chemical reaction occurs between the heated surface and the liquid droplets, resulting in the

deposition of a thin film of the desired material[50].

This technique was first used by Hottel and Unger in 1959, where they successfully

deposited a NiO film on an aluminum substrate[51].

Mechanical Assembly
Compressed Air For Nozzle Motion

Substrates

Heating
Plate A

Heater I
>

Figure 1.19. Pyrolysis Spraying diagram [52].

1.3. Transparent conductive oxides

1.3.1. Definition

Transparent conductive oxides (TCOSs) are binary or triple compounds, which contain one
or more of the metallic elements, consisting the metal atoms and atoms of oxygen (M1xM2,0,),

where M is the chemical symbol of the Metal atom considered, O the symbol of the oxygen

[

atom, “x” and “y” and “z” natural whole numbers , for examples:
*Aluminum oxide: ALOs.
*Zinc oxide: ZnO.
*Copper oxide: CuO.
*Iron oxide: Fe;0:s.

*Tin oxide: SnOs.
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Conductive transparent oxides forma class of materials combining two properties:

electrical.

conduction and transmittance in the visible range of light . TCOs are used in several areas
of application. So, Therefore, they are found in drones’ aircraft, satellite networks, flat
screens , anti-freeze windows, heat-reflecting windows (Buildings, ovens, etc.),
electromagnetic shields, electrostatic charge dissipators, photovoltaic cells and modules
[53].

1.3.2. Metal oxides

Metal oxides are important materials widely used as solid catalysts. They are classified as
heterogeneous catalysts and are applied in acid-base and redox reactions. Transition metals, in
particular, have attracted significant attention due to their unique electronic configuration [54].
Metal oxides are formed when metals, which act as cations, react with oxygen. These
compounds consist of at least two elements, always including oxygen, whether in a single atom
or more. They tend to be solid, basic, and denser compared to non-metallic oxides. The oxygen
ions in these oxides carry a negative charge [55]. These oxides are widely used in various
chemical reactions, including oxidation, dehydration, dehydrogenation, and isomerization.
Certain transition metal oxides, such as Nb,Os, WO3, and TiO,, are commonly employed as
heterogeneous acidic nanocatalysts. These oxides feature mesoporous structures that allow
reactant molecules to enter the metal pores, facilitating the catalytic reaction [56]. Metal oxides

are categorized into two main types:

1. p-type oxides: These conduct via holes and are relatively unstable due to their tendency

to lose or exchange oxygen with the air [17].

2. n-type oxides: These conduct via electrons and are more stable, making them the

preferred choice for gas sensor applications [17].

1.4. Copper oxide: properties and applications

1.4.1.Formation of copper-based oxides

Copper is a chemical element with the symbol "Cu". When it reacts with oxygen (i.e., when
it oxidizes), it forms two thermodynamically stable oxides. That means these oxides do not

easily break down or change at normal temperatures. The two stable types are [57,58] :

= Cuprous oxide (Cu,0), also known as cuprite
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= Cupric oxide (CuQ), also known as tenorite

These oxides are formed through the following chemical reactions [8]:

4Cu+ 0, < 2Cu,0 (1.1)
2Cu+ 0, < 2Cul (1.2)
2 Cu,0 + 0, < 4 Cu0 (1.3)

CuO can be formed either directly from metallic copper during its transition from the

metallic state to the oxide state (Eq. 1.2), or from Cu,O through a phase transformation

(Eq. 1.3). This process depends on several factors such as the partial pressure of oxygen,

temperature, and oxidation duration[8].

There is also a transitional phase between cuprite (Cu,0O) and tenorite (CuO), known as
Cu,03. This compound has an energy potential very close to that of Cu,O and CuO. However,

according to the literature, this phase is not thermodynamically stable[5 ,59].

Copper oxides, CuO and Cu,0, exhibit a range of remarkable properties that can be fully
utilized in various fields. They are particularly explored for potential applications in solar cells,
catalysis, superconducting materials, magnetic storage devices, gas sensors, as well as
photothermal and photoconductive systems. At the nanoscale, changes in their electronic

structure significantly affect their properties due to quantum confinement effects[60].

1.4.2. Cuprous oxide (Cu20)

e 1.4.2.1. Crystallographic structure
Cuprous oxide (Cu,0) is a red-brown compound, as shown in Figures 1.20 (a and b). While
it can be synthesized most commonly by oxidizing metallic copper (Eqg. 1.1), this method is
typically used when the goal is to produce it in bulk form rather than as thin films. Cu,0 also

occurs naturally as a mineral known as cuprite.
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Figure 1.20. Cuprous oxide "Cu,O"; (a): in the form of natural cuprite, and (b): powder

Cuprous oxide (Cu,0) is a stable phase in the binary copper-oxygen system, and it
crystallizes in a cubic structure. Its unit cell consists of six atoms: four copper atoms arranged
in a face-centered cubic (FCC) lattice at the (1/4, 1/4, 1/4) positions, and two oxygen atom
located at the tetrahedral sites at (3/4, 3/4, 3/4), as illustrated in Figure 1.21. In this arrangement,
each copper atom is coordinated with two oxygen atoms as its nearest neighbors, while each
oxygen atom is coordinated with four copper atoms. This unique atomic configuration results
in distinct interatomic distances between Cu-O, Cu—Cu, and O-0[60,61,62].

0949
. & ece

Figure 1.21. Crystallographic structure of Cu,O [63].
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Table 1.1 represents some properties of Cu,O

Overview on copper oxide thin film

Table 1.1. Some properties of Cu,0 [64,5].

Chemical name

Mineral form
Appearance
Solubility in water
Melting point (°C)
Boiling point (°C)
Space group
lattice Mesh parameter (A)
Volume of a cell (A%
Molar volume (cm?3.mol™)
Density (g.cm™)
Coordination "Z"
Cu-O bond length (A)
Cu—Cu bond length (A)
O-0 bond length (A)

e 1.4.2.2. Optical properties

Copper(l) oxide
Cuprous oxide
Cuprite
Red-brown powder
Insoluble
1235
1800
Pn3m
4.2696
77.83
33.44
6.106
2
1.85
3.02
3.68

Copper oxide Cu,0O is known as absorbing material in the visible and near-infrared regions.

They exhibit an optical band gap that can vary over a wide range and show high absorption

levels (Table 1.2) [64,65].

Table 1.2. Some optical properties of Cu.O [64].

Transmittance in the visible range (%)

Refractive index
Absorption coefficient (cm™)

Optical band gap (eV)

40
2.24
0.12

1.8
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e 1.4.2.3. Electrical properties of Cu20
The properties of cuprite, particularly its electrical characteristics, have been extensively
studied. This oxide, whether in bulk or thin-film form, is a p-type semiconductor exhibiting
high mobility of positive charge carriers at room temperature, with a hole mobility around
up ~ 100 cm?-V~'-s7! in thin-film form. This mode of conduction is mainly attributed to
the presence of copper vacancies at room temperature. Thus, this oxide can be represented
as Cu,-_yO [5].

Table 1.3 shows the variation of electrical conductivity according to different fabrication

techniques.
Table 1.3. Some electrical properties of Cu,O [8].

Effective mass of the electron in the 0.98 me

conduction band

Effective mass of the hole in the valence 0.58 me
band
Relative dielectric constant 7.5
Thermal conductivity (W K m) 4.5
Band gap type Nature of the forbidden band Direct

Type of conductivity P

Electrical conductivity ((Q.cm)™) 108-1072

Concentration of intrinsic carriers (cm™) 10'3-10'8

1.4.2. cupric oxide (CuO)

1.4.2.1.Crystallographic structure

Copper (I1) oxide is a solid semiconductor material of the p-type. It consists of basic metal
oxides and exists in the form of a brownish-black powder with a dark brown color. It is odorless

and non-toxic, making it easy to obtain and cost-effective to produce[66].
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Figure 1.22. Copper oxide "CuO" in the form of natural tenorite (a) and powder (b).

Copper oxide has a monoclinic crystal structure of the base-centered cubic (BCC) type,
where each unit cell contains four CuO units. Each Cu or O atom is surrounded by four

neighboring atoms of the opposite type, with a unit cell occupancy of Z = 4 [63].

Figure 1.23. Structure cristalline de CuO (a) une cellule unitaire (b) quatre cellules
unitaires [67,68].
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Table 1.4. Some structural properties of Cu,O [69,64,5].

Chemical formula Copper (I1) Oxide
Mineral form Tenorite
Appearance Black powder

Solubility in water Insoluble

Molar mass(g/mol) 79.545

Boiling point (°C) 2000

Melting point (°C) 1134
Space group C2l/e

a= 4.6837

b=3.4226

Mesh parameter (A) c=5.1288

a=p=90°

lattice parameters /-99.548°
Volume of a cell (A3) 81.08
Atomic radius (A) 0.69
Density (g/cm® 6.31
Cu—0 bond length (A) 1.96
Cu—Cu bond length (A) 2.62
O-0 bond length (A) 2.90

1.4.2.2. Optical properties of copper (I1) oxide

Copper(Il) oxide (CuO) is a p-type semiconductor with an indirect band gap ranging from
1.2 to 1.9 eV ( Figure 1.24), which enables strong absorption in the visible and near-infrared
regions ( Figure 1.25) [69]. Its optical properties are influenced by intrinsic effects, such as
transitions between the valence and conduction bands including excitonic interactions, as well
as extrinsic effects due to impurities or defects that introduce energy states within the band gap
[19].

23


PC
Highlight

PC
Typewriter
lattice parameters




_ Chapter I: Overview on copper oxide thin film
300 4

1 [T =400
250 Eg =1.48 eV

200 4

150

100

(ﬂhv)2 (chm_l)

50 4

7 T v T v T v T
1 2 3 4 5

hv (eV)

Figure 1.24. The Bandgap of CuO thin film[70].  &s function of what
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Figure 1.25. The UV-visible absorption spectra of CuO thin film[70].

CuO thin films strongly absorb across the visible spectrum, giving them a black appearance
[71]. The absorption coefficient ranges between 10* and 10° cm™1 in the visible range, reaching
10* cm™! at 500 nm, with a cutoff wavelength around 680 nm [69]. The refractive index varies
from 1.5 to 3.5 depending on the deposition method [72,73], while the transmittance can range
from 0% to 80% based on deposition temperature, thermal treatment, and doping level [69]. In
some cases, it can reach up to 90% at higher visible wavelengths [74]. Films prepared by spray
pyrolysis using hydrated copper chloride (CuCl,-2H,0) at different molarities have shown
promising optical behavior for solar photothermal applications, with high absorption (a.> 0.90)

and low emissivity (¢ <0.2) [5].
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1.4.2.3. Electrical properties of CuO

The electronic structures of oxygen and copper are [64] :
Cu? : 1s? 2s? 2p°® 3s? 3p®3d!? 4s! redundancy
Cu® : [Ar]:s 3d'° 4s!

0% : 1s? 282 2p*

The 2p states of oxygen form the valence band and the 4s states of copper constitute the
conduction region of the copper oxide semiconductor. Table 1.5 lists some electrical properties

of CuO.

Tableau 1.5. Some electrical properties of CuO [5,64].

Effective mass of the electron in the 0.16-0.46 me

conduction band

Effective mass of the hole in the valence 0.54-3.7 me
band
Relative dielectric constant 12
Thermal conductivity (W K m) 17

1.4.3.Applications of thin copper oxide

Copper oxide (CuO) is considered a promising material for various applications due to its
low cost, simple composition, and excellent thermal stability. These properties, among others,

have made CuO films a viable alternative in many important fields, including [75]:

e Solar energy applications: Used in thermal and photovoltaic collectors, as well as in
energy conversion systems.

e Magnetic applications and magnetic energy storage.

e Gas sensing.

e Nanodevice fabrication: The reduction in CuO temperature leads to the formation of
materials with superconducting properties.

e Optoelectronic applications: Utilized in various devices such as light-emitting
diodes (LEDs).

e Lithium batteries: Due to its high energy storage capacity and long-term usability.
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Chapter 11: Elaboration of copper oxide thin films

This chapter consists of two parts. The first part explores the thermal decomposition
technique using ultrasonic spray pyrolysis, including the steps for preparing undoped and
chromium-doped copper oxide thin films. The second part focuses on studying the optical and
electrical characterization methods of the prepared films.
Part one: Ultrasonic spray pyrolysis technique
I1.1. Choice of ultrasonic spray pyrolysis technique
Ultrasonic Spray Pyrolysis (USP) is a simple and efficient technique for synthesizing
nanomaterials, such as thin films and nanoparticles. It is characterized by its ease of
implementation, flexibility, and low cost, making it an important alternative to chemical
solution deposition (CSD). This method is widely used in electronic and optoelectronic
applications due to its ability to produce large-area coatings with high stability compared to
other techniques. It allows full control over several process parameters, including ultrasonic
amplitude, precursor solution composition, viscosity, flow rate, and substrate temperature. This
provides an advantage in producing dense or porous particles as well as thin film coatings. The
technique was first introduced in 1959 when Hotle and Auger used it to prepare aluminum
films using a benzene spray[76].
Since then, it has witnessed significant development, particularly in the field of
semiconductors and optoelectronic applications [10,77].
I1.1.1.Principle of Thermal Decomposition Deposition Technique

This technique relies on increasing the temperature of the material to be deposited to a
certain degree, depending on the type of material[77]. Where the pyrolysis of volatile
compounds occurs at the surface of the substrate. During this process, the substrate is heated
to a temperature exceeding the decomposition temperature of the reactive materials, leading to
their breakdown and the formation of films or coatings on the heated surface[78]. This process
takes place in the air or under low pressure, typically within the range of (50 torr). It is possible
to enumerate three methods to obtain thin films, which are: manual spraying, spraying by
applying pressure to a solution, and spraying using ultrasonic vibrations[79].

The spray technique relies on dispersing solutions containing the desired elements and
compounds onto a heated substrate. This is achieved using a spray gun with a fine nozzle,

which, with the help of a carrier gas, converts the liquid into a fine mist[78].
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The spray pyrolysis process goes through the following stages:
e Converting the solution or precursor material into fine droplets,
e Evaporating the solvent,
e Condensing the dissolved material,
e Decomposing and reacting the dissolved material,then
e Sintering the solid particles,
11.1.2. The advantages of spray pyrolysis technique
There are many advantages of the spray pyrolysis technique, including [17]:
= Spray pyrolysis is a distinguished technique for preparing metal oxide thin films.
= |tisasimple, reproducible, and cost-effective method, making it suitable for large-
area applications.
= The simple experimental setup allows easy observation of the deposition process and
adjustments during the experiment.
= |t features a high growth rate and large-scale production capability, making it useful
for industrial and solar cell applications.
= This technique enables control over film morphology and particle size at the
nanometer scale, resulting in high-quality thin films.
11.1.3. Factors affecting thin film preparation by ultrasonic spray pyrolysis technique
The principle of thin film formation by ultrasonic spray pyrolysis method depends on:

A. Atomization rate and droplet size

The size of the droplets is a crucial factor in the process (Figure I1.1). If the droplets are
too large, the heat will not be sufficient to convert them into vapor, leading to the formation of
a solid (heterogeneous precipitate). On the other hand, if the droplets are too small, they will
dry before reaching the target surface, causing the solvent to evaporate while the remaining
substance settles, resulting in black spots on the surface due to material combustion. However,
when the droplet size is moderate, which is the optimal condition for precipitation, the solvent
partially evaporates before reaching the surface, allowing it to arrive as vapor. This enables the
reaction to occur on the base, leading to the formation of the desired film[80].
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Constant initial droplet size
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Figure 11.1. Droplet size effect on the formation of thin films [81].

B. Thermal effects of the substrate on droplets

Figure 11.2 illustrates the different stages a droplet undergoes as it approaches the hot
substrate when the droplet size and speed remain constant while the substrate temperature

increases [81].

v Stage A: The solvent inside the droplet is not completely evaporated. When the liquid
droplet hits the hot substrate, the solvent evaporates upon contact, leaving a ring-shaped
dry precipitate on the surface.

v’ Stage B: The solvent fully evaporates, leaving behind a dry precipitate (an amorphous
precursor salt) that deposits on the substrate surface, where pyrolysis reactions take
place.

v’ Stage C: The droplet undergoes all the previously mentioned stages. Near the substrate
surface, the dry precipitates vaporize, leading to a chemical vapor deposition (CVD)
reaction on the substrate surface.

v Stage D: At high temperatures, the vaporized precipitates undergo a chemical reaction
in the vapor phase before reaching the substrate surface.

In the case of powder synthesis, similar processes occur. However, in this case, the key

factor that controls the occurrence of different synthesis stages is the residence time of the

droplet within the hot zone of the furnace[82].

hot plate
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Figure 11.2. Thermal effects of the substrate on droplets [81].

C. Effect of deposit time

The deposition time of thin films must be taken into account. When the spraying duration
is long, the resulting film becomes thicker [83]. However, if the period is short, the formed film
will be very thin, leading to weak atomic cohesion.

D. Effect of the nozzle-substrate distance

When the nozzle-to-substrate distance (D1) is small, spraying the solution containing
various precursors results in a high-density droplet flow. This prevents the solution from
transitioning into the vapor phase, causing it to remain in liquid form, which hinders the

formation of a uniform layer on the substrate.

On the other hand, when the distance is relatively long (D3), the droplets formed after
spraying the solution lead to the deposition of a powdery material on the substrate. This occurs
because the droplets travel a long distance before reaching the substrate, affecting the quality
of the deposition Figure 11.3 illustrates the different stages a droplet undergoes at different
nozzle-substrate distances (D1, D2, and D3) [84].

In contrast, a moderate nozzle-to-substrate distance (D2) has been found to produce high-
quality deposits that adhere well to the substrate. This is because the appropriate distance
allows the solution to pass through the required phases in the correct order, starting as a liquid,
then gradually evaporating the solvent, which facilitates the effective deposition of the desired

material and ensures strong adhesion of the thin film to the substrate [84].
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Figure 11.3. Effect of Nozzle-substrate distance on film elaboration [84].

11.2. Experimental procedure

The objective of this work is to produce undoped copper oxide (CuO) and chromium-doped
copper oxide (CuO:Cr) thin films using the ultrasonic spray pyrolysis technique at nozzle-
substarate (d=5cm) , while keeping all other experimental parameters constant (deposition
temperatu?gt,ag% Jﬁ%HsgoSncentration, deposition time, nozzle-substrate distance, and solution
flow rate). The study also investigates the effect of chromium doping and the annealing on the

optical and electrical properties of copper oxide samples.

The precursor solutions used contain copper(ll) chloride dihydrate (CuCl, 2H,0) and

chromium(l11) chloride hexahydrate (CrCls 6H,O) dissolved in distilled water as a solvent.

11.3. Followed equipment

The experiment was conducted at the Laboratory of Materials and Structure of
Electromechanical Systems and their Reliability (LMSSEF: Laboratoire des matériaux et
structure des systéms électromécaniques et leur fiabilité) at Larbi Ben M’hidi University in
Oum EI Bouaghi. The undoped and chromium-doped copper oxide thin films were prepared
using the ultrasonic spray pyrolysis technique, starting from simple elements (Figure 11.4 and
Figure I1.5).
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Figure 11.5. The schematic experimental set up of the spray pyrolysis system [10].

1 2 3 4 5 6 7
The Electric wave The Thermometer Substrate The
substrate . generator | sprayer heater holder
SYNNGE 1 (40 KH2)
pump with an

atomizer

Experimental setup :

The substrate: It is a glass slide or another material on which the film is

deposited.

Thermometer: measures temperature.

Substrate heater: It is a resistor connected to an electrical circuit that

operates by the Joule effect.
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= The sprayer: Under pressure, it allows the initial solution to be converted
into a jet of very fine droplets, through which the substrate is sprayed with
the solution.

= Compressor: It allows the carrier gas (in our case, air) to be pressurized at
a controllable pressure, which drives the solution to the nozzle[85].

= Ultrasonic wave generator (40 KHz) with an atomizer: Which allows to

transform the solution at the level of the atomizer to very smngdqirn%plets

thin.

Electric syringe pump: Model PHOENIX D-CP (GF-FOURES) to

control the precursor solution flow rate[10].

11.4. Stages of preparation thin films
11.4.1. Choice the substrate

Glass was chosen as the substrate based on the following criteria [68] :

1. Coefficient of thermal expansion: oglass= 8.5%10°K™ and acuo = 48x10°K™! .

2. Low cost.

3. Transparent, allowing optical characterization of thin films in the UV-visible-NIR

range.

4. Provides good adhesion, improved structure, and better piezoelectric activity.

For thin film deposition, glass microscope slides with dimensions (76.2 x 25.4) mm and a

thickness of 1 mm were used. Each slide was cut into three substrates using a diamond tip pen
(Figure 11.6).

ay
©
SCTRAND

MCHOSGOPE
SLIDES

MADE IN CHINA

®
SAIL BRAND
CAT. NO. 7101
MICROSCOPE

SLIDES

MADE IN CHINA

Figure 11.6. Glass microscope Slides (substrates).

e After obtaining the substrates, they must be cleaned according to the following
basic steps (Figure 11.7):
= Rinsing with distilled water.

= Soaking in an acetone bath.
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= Rinsing again in a distilled water bath to remove any acetone residues.

= Soaking in an ethanol bath.

= Washing with distilled water to remove any remaining ethanol traces.

= Finally, these substrates are dried using Joseph papers .

The degreasing process in each bath lasts five minutes at room temperature in an ultrasound

cleaning bath (Figure 11.7).

L3
BIOCHE!
| Chemophar

Figure 11.7. Substrate cleaning steps with some used tools.

11.5. Preparation of deposition solutions
a.Preparation of copper(l1l) chloride colution
There are several sources of copper such as: copper hydroxide (Cu(OH)»), copper nitrate

(Cu(NOs),) and copper sulfate (CuSOs) [86]. In this work, copper (II) chloride dihydrate

(CuCl; - 2H20)was used as a source of copper material (Figure 11.8).

Figure 11.8. Copper(Il) Chloride dihydrate.
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Table I1.1. Some physical properties of CuCl, [68].

Appearance Crystalline solid
Color Bright greenish-blue crystals
Molecular formula CuCI2 2H20
Molar mass (g/mol) 170.48
Density (g/cm?) 6.32
Melting point (°C) 100

To prepare a solution of copper(ll) chloride dihydrate (CCD) (V) with a molar mass of
170.48 g/mol and a concentration of C = 0.05 mol/L, a quantity of copper(ll) chloride

(Mccp=Cx%x MccpxV) was dissolved in distilled water (Figure 11.7). A KERN442-432N balance

with an accuracy of £0.01 g was used to weigh a specific amount of copper(11) chloride (Mcucr2).

We influence the solution for 5 min with ultrasonic waves to obtain a homogeneous solution

using ultrasonic cleaner device.

Figure 11.9.Preparation of Copper(Il) Chloride dihydrate solution.

We influence the solution for 5 min with ultrasonic waves to obtain a homogeneous
solution using ultrasonic cleaner device.

b. Preparation of chromium chloride solution

In this study, chromium chloride hexahydrate (CrCls.6H>O) was used as a source of
chromium material (Figure 11.10).
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Figure 11.10. Chromium chloride hexahydrate.
Table 11.2. Some physical properties of (CrCI3 - 6H20) [9,87,88,89].

Appearance Crystalline solid
Color Dark green
Solubility in water at 20°C (g/100ml) 59
The molecular formula CrCls - 6H0
Molar mass (g/mol). 266.5
Density at 20°C (g/cm?) 2.76
Melting point (°C) 83-95

To prepare a solution of chromium chloride hexahydrate (CrCH) with a molar mass of
266.5 g/mol and a concentration of C=0.05 mol/l, a specific quantity of chromium chloride
hexahydrate (mcrch=CcrcH.Mcrch.V) was dissolved in distilled water (Figure 11.11). The
previous balance was used to weigh the required amount of CrCH.

We place the solution in an ultrasonic device to obtain a homogeneous solution.

Figure 11.11. Preparation of chromium chloride hexahydrate solution.
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We observe that chromium chloride hexahydrate dissolves well and completely in water,
resulting in a homogeneous solution with a green color especially after exposure to ultrasonic
waves for 5 min using ultrasonic cleaner device.

c. Preparation of precursor solution
After preparing the two solutions, a specific amount of copper chloride dihydrate solution is
mixed with a determined amount of chromium chloride hexahydrate solution to prepare a

precursor solution used for producing samples of chromium-doped copper chloride with a
doping ratio of (Z)% where :

Experimental condition

To study the effect of chromium-doping on the copper oxide (CuO:Cr), several samples

were prepared according to the experimental conditions presented in the table.

Table 11.3. Precipitation Conditions of Copper Chloride (CrCI3 - 6H20).

Conditions Values
Nature of precursor CuCl; - 2H,0
CrCls - 6H.0
Solvent H20
Molarity of the solution (mol/l) 0.05
Volume of soution for each deposit (ml) 40
Substrate temperature (°C) 350
Solution folow (ml/h) 60
Deposition time (min) 4
Doping rate (at. %) 0,3,6,9,12

11.6. Deposition of thin film
To prepare the thin films under study, we follow these steps:

Initially, all doped solutions with different concentrations (3%, 6%, 9%, 12%) are

prepared in addition to the basic solution (0%), as shown in (Figure .11.12.a).

e First,To ensure the proper growth of thin films, all devices are checked for
readiness and safety before starting the process.
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e Second,The substrate is placed above an electrical resistor and gradually heated
from room temperature up to the deposition temperature (Ts = 350°C) to prevent
thermal shock to the substrate.

e Third,once the heating process is complete, the precursor solution to be
deposited is placed in syringe (Figure .11.12.b), which is then mounted on a
syringe pump device. The flow rate is set to 60 mL/h to ensure a slow and
controlled flow of the solution. The ultrasonic generator breaks the solution into
fine droplets that disperse near the vapor.

e Finally, the deposition process is carried out by spraying the solution onto the hot
substrate for 4 minutes (Figure .11.12.c).

e After that, the heating is stopped, and the substrates are left to cool gradually to
room temperature, preventing thermal shock that could cause sample cracking.
Once cooled, the samples are recovered, and it was observed that the deposited
films well-adhered to the glass substrates and nearly transparent compared to the

color of CuO film.

Figure 11.12. Deposition of thin film; a. doped solutions, b. the syringe, c. spraying the
solution.

11.7.Annealing of deposited samples

After the preparation of the samples, thermal treatment was carried out using a small electric
heating device (Figure 11.13) instead of a conventional furnace. This device enables direct
heating of the samples while exposing them to ambient air, allowing simultaneous thermal
treatment and oxidation. The process was performed at a temperature of 350°C for a duration
of one hour (1h)
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During this treatment, the samples undergo oxidation, leading to the transformation of cuprous

oxide (Cu20) into cupric oxide (CuO) according to the following reaction [7]:

2CU,0 + 05 ——= 5 4Cu0 (I1.1)
Although the ideal reaction occurs at, the temperature used in our experiment (350°C) is
sufficient to initiate the oxidation process, enhance the crystallinity of the thin films, and
improve their thermal stability. This treatment contributed to the improvement of the structural,

optical, and electrical properties of the samples, with precise temperature control ensured by
the device’s regulator|7].

Figure 11.13. Picture of an electric heating device.
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Part two: Characterization techniques of thin films

After the preparation and the annealing of thin films, their optical and electrical

properties are studied to obtain various information about the prepared sample.
11.1. Optical characterization of thin films

The characterization methods of transparent conductive oxide thin films vary, as there are
numerous structural, electrical, and optical techniques used to determine the properties of these
films. These methods help in studying the characteristics of the deposited thin films, such as
band gap, absorption coefficient, refracive index, thickness, and film types. These properties
are obtained by analyzing the transmission spectrum (optical transmittance curve as a function
of wavelength) using a UV-Vis Spectrophotometer[16].

11.1.1.Ultraviolet-visible spectroscopy

Spectrophotometric measurement technology within ultraviolet-visible-Near Infrared
(UV-Vis-NIR)spectrum is used to analyze the optical properties of thin films (Figure 11.14).
This technique is an effective tool for determining the optical characteristics of materials. It
relies on measuring changes in light intensity after passing through the sample, where the
material absorbs light within a specific wavelength range, leading to the excitation of electrons
and their transition from lower to higher energy levels. The absorption range of ultraviolet-
visible radiation extends from 200 to 350 nm for ultraviolet light , 350-800 nm for visible light
light, and 800 to 1100 for IR light.. Figure (11.15) illustrates the operating principle of the
spectrophotometer used in this technique. A light beam emitted from the UV-VI source is
directed at two mirrors; the first reflects part of the beam, while the remaining portion passes
through the sample. The transmitted beam is then detected by a photodetector, and the data is
analyzed using computer software for result processing. The physical properties of thin films
can be studied using UV- Vis-NIR spectrophotometric analysis. The resulting curve provides
information on variations in spectral absorption concerning different wavelengths, allowing us
to deduce key characteristics such as film thickness, absorption coefficient, optical absorption

edge, energy gap, and refractive index[90].
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Figure 11.14.Principe of measure the transmission UV-Vis-NIR [91].
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Figure 11.15. Experimental device for UV-Vis-NIR specroscopy.
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Figure 11.16.Transmittance Spectrum of CuO:Cr (9 at.%) Thin Film After Annealing at
350°C.
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This figure illustrates the transmittance spectrum of a chromium-doped copper oxide
(CuO:Cr 9 at.%) thin film after annealing at a temperature of 350°C for 60 minutes. The curve
shows that transmittance is initially low at short wavelengths, then rises sharply starting from
a wavelength of 325 nm, reaching values of approximately 85% in the visible region (400—-800

nm).

This behavior indicates a clear improvement in the film's transparency as a result of the
annealing process, reflecting enhanced structural quality and reduced defects. The good
agreement between the experimental and theoretical spectra suggests that the thin film is
homogeneous and optically stable. Accordingly, the sample doped with 9% chromium is well-
suited for optical applications, particularly in solar cells, as it allows a significant amount of
light in the visible range to pass through, thereby improving solar energy absorption and

conversion efficiency[44,90].

11.1.1.1. Determination of film thickness and refractive index

The thickness and refractive index of the film can be determined through the transparency
curve, which can be divided into two regions, each related to the wavelength. This curve
contains several constants, including thickness and refractive index. Using the least squares
method, the best fit for the data can be obtained (Figure 11.16). Based on calculus and linear
algebra, the main problem is to find the mathematical relationship such that the values are
available for the set . The least squares regression method is used to predict the behavior of the
dependent variable. The thickness and refractive index of copper(l1) chloride films doped with
chromium chloride are determined from transmission spectra using the Fit software, which
allows for changing the number of parameters. The least squares method is also used to adjust

the simulated transmission curve to the measured values[53].

11.1.1.2. Determination of absorption coefficient

When the UV-Visible-NIR spectrum passes through the sample, part of the radiation is
absorbed by the thin film, while another part is transmitted. Using these relationships, the
absorption coefficient can be calculated as a function of wavelength, allowing for the analysis

of the optical properties of thin materials.

The calculation of the absorption coefficient is based on the transmitted spectrum through thin

films. This is done using the Beer-Lambert law, which is given by the equation:
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T =(1—R)e % (11.2)
a : the absorption coefficient.
d : the film thickness.
R : the reflectance (which can be neglected in some cases).
When reflectance is neglected, the optical transmittance becomes:
T=e* (1.3)

From this equation, the absorption coefficient can be determined using the following formula
[10,90]:

_1 100
a= 2 Go) (11.4)

11.1.1.3.Determination of optical band gap

The UV-Vis-NIR spectrophotometer was used to analyze the amount of light that the copper
oxide (CuO:Cr) thin film can absorb. The initial absorption, which corresponds to the excitation
of electrons from the valence band to the conduction band (Figure 11.17), is analyzed using the
Tauc plot method to determine the optical band gap of the manufactured film. The following
equation describes the relationship between the absorption coefficient (o) and the incident

photon energy (hv)[70]:
(ahv )" = K (hv - E,) (11.5)
where:
Eq: represents the band gap energy.
a @ is the absorption coefficient.
K : is the proportionality constant.
hv : denotes the energy of the incident photon.

n : takes the value 2 for a direct band gap and ¥ for an indirect band gap.
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Figure 11.17. Explanation of band gap [92].

The band gap is determined by analyzing the slope of the straight-line plot of (ahv)? versus hv.
This plot, as shown in Figure 11.18 , indicates that the absorption is due to a direct allowed

electronic transition. The optical band gap (Eg) is extracted from the point where the

extrapolated straight line intersects the hv axis.

For the CuO:Cr(* at. %) thin film prepared using ultrasonic spray pyrolysis method, the optical
band gap was evaluated at 1.48 eV, which falls within the reported range of 1.21 eV to 1.51
eV for copper oxide. The reduction in band gap may be attributed to an increase in film

thickness, enhancing its potential application as an absorber layer in solar cell fabrication[70].

(ol (10%em eV

- CuOxCr Film (9 ar. %o, Before annealing)

E =2.92eV

hu(eV)

Figure 11.18. Band Gap Determination of CuO:Cr Film Before Annealing
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11.1.1.4. Determination of Urbach Energy

Urbach energy is one of the key properties of thin films, reflecting their ability to absorb
light. The relationship between Urbach energy and the absorption coefficient is expressed by
the equation 11.6 :

) (11.6)

This relationship can also be rewritten using the natural logarithm of the absorption
coefficient as follow [90]:

hv
a = agexp Eorn

Ina = (E !

Urb

) hv + Inag (11.7)

ki
1

5 CuQ:Cr Sample (9 ar. %, Before annealing)
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e

1
31 - - 3.4

ho(eV)
Figure 11.19. Urbach energy Determination of CuO:Cr Film Before Annealing

11.2. Electrical characterization of thin films

Electrical properties cover a broad field, and the electrical characteristics of thin films
are among their most significant physical features, particularly conductivity and
resistivity[36]. To ensure accurate measurement of the resistance of the manufactured layers,

a four-terminal sensing method was applied .

The four-point probe technique is used to measure the sheet resistance of thin films and
determine their electrical condictivity. This is achieved using a device consisting of four
equally spaced probes(Figure 11.21). The outer probes supply the current, while the inner
probes measure the voltage difference.

Since the current distributes across the thickness of the sample, the spacing between the probes

should be significantly larger than the film thickness to ensure accurate measurement.
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Additionally, the sample is considered an infinite conductive medium due to its unbounded
edges, which simplifies the calculation of sheet resistance based on physical laws[93].
The relationship between voltage, current, and sheet resistance is expressed using the following
equation:

ko= "1es (11.8)
where:

ps: Represents the sheet resistance of the thin film and is given as a function of material’s
resistivity (p) by the equation (g)
K: A proportionality constant, equal to —

By substituting these values, we obtain the following formula, which allows for calculating
the sheet resistance:
14
ps=— (7) (11.9)

Since the film thickness (d) is known from the optical transmittance measurements[24], the
material electrical conductivity (c) can be calculated:
1

0=— (11.10)

To determine the electrical conductivity (o) of chromium-doped copper oxide thin
films, a four-point probe device of the Jandel type was used in the LMSSEF laboratory at Larbi
Ben M’hidi University in Oum El Bouaghi (Figure I1.20). This probe consists of four electrodes
aligned in a straight line, with a spacing of 1 mm (S = 1 mm) between them. A variable current
(1) is applied through the outer electrodes, while the voltage (V) is measured between the inner

electrodes using a Keithley 2400 measurement device, allowing for accurate detection of low

voltages.

% S -

Figure 11.20.Four-point probe + keitheley 2400 Source Meter.
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)

A

Figure 11.21. Diagram representative of the principle of the four-point probes method [64].
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Chapter 111: Results and discussion
The purpose of this chapter is to present and interpret the experimental results of this work

on the development and characterization of thin films of undoped and chromium-doped copper

oxide (CuO:Cr) deposited on glass substrates using the ultrasonic spray pyrolysis technique.
In this chapter, the optical and electrical properties of copper oxide thin films and the effect

of chromium doping (CuO:Cr) at different atomic concentrations (0, 3, 6, 9, and 12 at. %) and

the effect of annealing under constant deposition (Ts, tp, and @s) and annealing conditions (Ta,

ta) are presented .

Two techniques were used to characterize the samples as follows:

e UV-Vis-NIR spectrophotometry was used to analyze the transmittance spectrum and to
calculate: the film thickness (d), the absorption coefficient (o)), the optical band gap
energy (Eg), the Urbach energy (Eum), and the refractive index (n) of the films.

e The four-point probe techniques was used to measure the electrical conductivity of the
samples.

I11.1Photos of CuO :Cr samples

Table 111.1. Photos of CuO :Cr thin films deposited on glass substrates.

Bare 0at. % | 3at % 6at.% = 9at% = 12at %
substrate
Before
annealing
After
annealing

Table 111.1 presents images of the prepared CuO:Cr samples, where it is observed that the
color change is barely noticeable, as the samples appear nearly transparent when exposed to
visible light. This is attributed to the fact that copper oxide, whether undoped or doped with
elements such as chromium, exhibits low transparency within this range of the spectrum [94].
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111.2 Optical characterizations

111.2.1. Effect of Cr-doping and annealing on the optical transmittance of CuO samples
A UV-Vis-NIR spectrophotometer (model JASCO V-630) was used to analyze the optical

properties of the prepared samples. This device enabled us to record spectra illustrating the

changes in optical transmittance of the CuO:Cr samples across the wavelength range extending

from ultraviolet to near-infrared, as shown in figure I11.1.
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Figure I11.1. Optical transmittance spectra of CuO samples doped with different
concentrations of Cr (a): before annealing (b): after annealing.
The graphs illustrate the variation in optical transmittance (%) with wavelength for CuO:Cr

samples before and after annealing doped with different concentrations of chromium (0 at. %,
3 at. %, 6 at. %, 9 at. %, and 12 at. %), along with glass used as a reference . Before annealing,
glass shows the highest transmittance, reaching around 85-90% in the visible, which is
expected due to its transparency. As the Cr concentration in CuO increases, the transmittance
also increases gradually, with the sample containing 12 at. % Cr exhibiting the highest
transmittance among the doped samples.

After annealing , a decrease in the transparency of the samples was observed compared to
their state before treatment. This reduction is attributed to the reorganization of the material
caused by the presence of copper oxide (CuO), which is less transparent than chromium (Cr).
It is not due to the glass used, as glass is not affected by heat treatment (Figure 111.2.a).

At concentrations of 0%, 3%, and 12%, a noticeable improvement in sample transparency
was observed, indicating better structural organization of the material. In contrast, the 9%
sample maintained a similar level of transparency in the visible range, showing no significant
change. However, the 6% sample showed a considerable decrease in transparency due to its
darker color after heat treatment, which negatively affects light transmission in the visible

spectrum compared to the other samples.
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CuO itself is a semiconductor with a narrow band gap compared to chromium oxide

Results and discussion

(Cr203), which relatively causes strong light absorption in the visible region [77]. The
introduction of chromium modifies the band gap slightly, leading to reduced absorption and

increased optical transmittance. These findings suggest that careful control of Cr doping and

post-processing treatments like annealing can significantly enhance the optical properties of

CuO:Cr thin films for potential use in optoelectronic applications . It was observed from Figure

I11.2.b that the permeability of the Cr,O3 sample did not affected by annealing at 350°C.
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Figure 111.2. Effect of annealing on the optical transmittance of glass and Cr,O5 sample.

Figure 111.3 (a and b) shows typical curves of the variation in optical transmittance of

CuO:Cr thin films using the ultrasonic spray pyrolysis technique as a function of the incident
photon wavelength within the spectral range from ultraviolet to near-infrared (UV-Vis-NIR),
covering the range from 300 to 1100 nanometers.
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Figure 111.3. Optical transmittance spectra of CuO:Cr thin films at different percentage of Cr
(a): before annealing (b): after annealing.
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The curve (a) before annealing shows that the optical transmittance of CuO:Cr films clearly
varies with the chromium (Cr) doping ratio. The film with 0 at.% Cr exhibits the lowest
transmittance, exceeding 40% at 1100 nm, while transmittance gradually increases as the Cr
content increases, reaching its highest value at 12 at.%. This increase can be attributed to the
lack of structural defects or scattering resulting from the irregular film structure. After
annealing, as shown in curve (b), A noticeable decrease in light transmittance was observed in
all samples. , especially the sample containing 6% chromium, which is consistent with
explanations related to increased light absorption due to the lower transparency of CuO
compared to Cu,0, as well as the change in color, as it became darker after annealing.

Additionally, the presence of voids and gaps on the film surface before annealing, and the
microscopic scattering resulting from a rough surface structure, are mitigated post-annealing
as the layers become more compact and smooth, leading to decreased transmittance.
Comparing performance before and after annealing, it is evident that annealing significantly
enhances transmittance.

111.2.2.The effect of doping and annealing on the thickness of CuO:Cr film

The average thickness of the films were calculated by analyzing the variation in optical
transmittance as a function of the incident photon wavelength within the UV-Vis-NIR range,
using the least squares method as explained in chapter I1.

Figure 111.4. represents the variggfgrt{oirr]]mtaﬁe average thickness before and after annealing of
CuO:Cr films with different chromium doping levels ranging from 0 at. % to 12 at. % .

The results show that the average thickness of chromium-doped copper oxide films, both

before and after annealing, is higher compared to that of undoped copper oxide films.

Additionally, the thickness increases from around 370 nm to over 400 nm before annealing.

CuO:Cr

T=350°C, t,=4 min
400

Average film thickness (nm)

—=— Before annealing
—e— Afier annealing

360 L L 1 1 L
0 3 6 o 12

Cr Concentration (af. %)
Figure 111.4. Variation in the average thickness before and after annealing of CuO:Cr
with different doping levels.
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This increase in thickness can be attributed to several factors. First, there is a rise in
porosity within the deposited material. It is well known that there is a direct relationship
between porosity and thickness, as higher porosity contributes to greater apparent thickness.

Second, during doping, the Cu content was reduced while the proportion of Cr was
increased. Through theoretical calculations, it was found that this substitution increases the
oxygen content in the material, which in turn leads to an increase in the lattice constant. As a
result of this lattice expansion, the sample thickness increases significantly.

After annealing, the measured thickness slightly decreases compared to the pre-annealing
values at the same doping levels. This reduction is due to recrystallization and improvement in
the crystalline structure of the film, which leads to reduced porosity and consequently lower
average thickness.

Several studies have confirmed that the introduction of dopant elements during film growth
generally results in an increase in thickness, regardless of the deposition method or the type of
dopant material. These findings demonstrate that both chromium concentration and annealing
significantly affect the growth behavior and thickness of CuO:Cr films, allowing for controlled
tuning of film properties based on the desired application[64].

111.2.3.Effect of chromium doping and annealing on the optical absorption of CuO

thin films
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Figure 111.5. The optical absorption of CuO:Cr films at different chromium concentrations

(a) before annealing and (b) after annealing.

The figures I11.5 show the relationship between the absorption coefficient and photon
energy for chromium-doped copper oxide (CuO:Cr) thin films, both before and after annealing.

Before annealing, increasing the chromium concentration from 0% to 12% leads to a gradual
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decrease in the absorption coefficient. The highest absorption is seen in the undoped sample
(0%), while the lowest is observed at the highest doping level (12%). This decrease is attributed
to the increased transparency of the material and the higher porosity resulting from the
increased doping level, which leads to the formation of more voids in the structure and
consequently reduces the material's light absorption capability.

After annealing, a noticeable effect in the absorption coefficient is observed in all samples.
Annealing enhances the crystalline structure and reduces defects, leading to better optical
performance.

Overall, annealing plays a crucial role in enhancing the absorption characteristics of
CuO:Cr thin films, with the optimal doping range found to be between 3% and 6%.
Additionally, the absorption coefficient increases with increasing photon energy and reaches a
maximum value of 1.5 x 10° cm™ at 4.13 eV, indicating excellent light absorption capability
at higher photon energies.

111.2.4. The effect of doping and annealing on the Urbach energy of CuO:Cr
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Figure 111.6. Variation of Urbach energy of CuO:Cr thin films before and after

annealing.

The figure 111.6 illustrates the influence of chromium (Cr) doping on the Urbach energy
(Eunm) of copper oxide (CuO) before and after annealing. It is observed that the Urbach energy
values are high at low chromium concentrations and progressively decrease with increasing
doping levels. This behavior can be explained by the introduction of Cr atoms into the CuO
lattice at interstitial sites,which gradually improves the crystalline structure by reducing copper

vacancies in the lattice, leading to a decrease in Eurb.
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After annealing, a further reduction in Eun is observed compared to the pre-annealing state.
This can be attributed to the recrystallization process during annealing, which promotes the
elimination of defects and impurities, improves stoichiometry, and reduces porosity and surface
roughness. As a result, the films become denser and more structurally ordered, which
contributes to a general decrease in the Urbach energy. This change confirms that both
chromium doping and annealing play a complementary role in enhancing the structural
properties of CuO thin films.

111.2.5.The effect of doping and annealing on the optical band gap of CuO:Cr

By relying on the optical process described in Chapter I, the optical bandgap energy (Eg)
values were calculated for undoped and chromum-doped copper oxide before anf after
annealing.

As a reminder, the optical bandgap is defined as the energy range in which no electrons are
present. It represents the energy difference between the top of the valence band and the bottom
of the conduction band[95].

T=350°C, t,=4 min CuO:Cr

e
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L
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g
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Figure I111.7. Variation of the optical band gap energy of copper oxide thin films doped with

chromium before and after annealing.

Figure 111.7 shows the variation in the optical band gap energy (Eg) of chromium-doped
copper oxide (CuO:Cr) thin films as a function of chromium atomic concentration (at.%),
before and after annealing at 350°C for 1 hour. From the curve, it can be observed that the
optical band gap energy increases progressively with increasing chromium concentration from
0% to around 12%, both before and after annealing. Before annealing, higher Eg values were

recorded, exceeding 2.5 eV, which is attributed to the improvement in crystallinity and the
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reduction in defect density with increased incorporation of chromium ions into the CuO lattice.
It is noteworthy that the band gap energy of chromium oxide (Cr,03) ranges between 3.4 and
3.5 eV, and therefore, doping CuO with chromium—either before or after annealing—Ileads to
an increase in Eg due to the contribution of Cr to raising the average band gap energy.
After annealing, a general decrease in Eg values was observed, whatever the chromium
concentration in the copper oxide lattice. This decrease is mainly attributed to the increase in
grain size resulting from recrystallization during the annealing process, which reduces quantum
confinement effects and thus narrows the optical band gap. Furthermore, the thermal treatment
led to a phase transformation from Cu,0O to CuO. Since Cu,0 has a larger band gap than CuO,
this transformation contributes to the observed reduction in the optical band gap after
annealing. The presence of additional oxygen during annealing also leads to the formation of
more CuO phase, which results in a decrease in transparency. Therefore, the drop in the
transmittance curve after annealing can be attributed to the formation of the CuO phase.
Thus, it is clear that both chromium concentration and thermal treatment significantly affect
the optical properties of the CuO thin films.

Figure 111.8 illustrates the behavior of the optical band gap and Urbach energy for CuO:Cr
films before or after annealing.

An inverse relationship between the Urbach energy (Eum):: and the band gap (Eg) has been
observed.

This behavior can be explained by the addition of chromium into the CuO lattice which

reduces the density of localized states within the band gap.

.
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Figure 111.8. Variation of optical band gap and Urbach energy of CuO:Cr thin films at

different chromium concentrations (a) before annealing and (b) after annealing.
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111.2.6. The effect of doping and annealing on the refractive index of CuO: Cr
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Figure 111.9. The effect of doping and annealing on the refractive index of CuO: Cr.

Figure 111.9 shows the variation of the refractive index of Cr-doped CuO thin films before
and after annealing at 350°C for 1 hour. It is evident that the refractive index gradually
decreases with increasing chromium concentration from 0 to 12 at.% in both cases, where the
values decrease from approximately 2.0 to 1.6 before annealing and from 1.8 to 1.6 after
annealing. This behavior is attributed to the increased porosity and oxygen content structure
caused by chromium doping, which reduces the optical density of the films. This trend is
consistent with what has been reported in the literature for CuO doped with other metals such
as nickel[64].

It is also worth noting that the refractive index of chromium oxide (Cr,03) is lower than
that of copper oxide (CuO), due to the higher transparency of Cr,O3, which reinforces the
observed decrease in refractive index with increasing chromium content.

On the other hand, the values obtained after annealing show a relative increase in the
refractive index. This can be attributed to atomic rearrangement, improved crystallinity, and a
reduction in structural defects, leading to a more uniform and compact film. During thermal
treatment, the voids within the structure decrease or close, which reduces the transparency of
the film and, in turn, decreases the speed of photon propagation within the material. Since the

refractive index (n) is given by the relation:

n=§ (111.2)
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where ¢ and v is speed of light in a vacuum and in the material, respectively.

The decrease in photon speed due to reduced voids results in an increase in the refractive
index after annealing. It is important to note that the obtained values fall within the known
refractive index range of copper oxide (1.5-3.5), indicating good agreement with the known
optical properties of this material [5,64].
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Figure 111.10. Variation of average film thickness and refractive index of CuO:Cr thin films
at different chromium concentrations before annealing (a) and after annealing (b).

Figures 111.10(a and b) show the relationship between average film thickness and refractive
index as a function of chromium (Cr) concentration in copper oxide thin films before and after
annealing. An inverse relationship was observed between thickness and refractive index, which
is attributed to the increased porosity of the films. Higher porosity results in a thicker structure
due to less cohesion of the material. At the same time.

111.3.Electrical characterizations

111.3.1. Effect of chromium doping and annealing on the electrical conductivity of Cu,O
The electrical conductivity (o) of CucO:Cr thin films was measured using the four-point probe
method. The current-voltage characteristics showed a linear relationship, indicating ohmic

contact for all samples [7].
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Figure 111.11. Variation of electrical conductivity of CuO: Cr thin films as a function of Cr

concentrations before and after annealing.

Figure 111.11 shows the variation in electrical conductivity (o) of CuxO:Cr thin films before
and after annealing, as a function of chromium concentration. The films were prepared using
the ultrasonic spray pyrolysis technique under identical deposition conditions. The variation in

the electrical conductivity of CuO reveals that it is affected by chromium (Cr) concentration

and annealing.

Before and after annealing, the electrical conductivity starts at a high value and gradually
decreases as the Cr concentration increases. This decrease can be attributed to the effect of Cr
impurities, which may reduce the number of charge carriers concentration (p). By annealing at
350°C for 1 hour, the electrical conductivity increased for all samples, indicating that the heat
treatment enhanced the structural order, reduced internal defects, and increasing charge carriers
concentration [61]. This aligns with the explanation in the text, which states that total
conductivity follows the relation I11.* that depending on the concentration and mobility of both
electrons and holes. Therefore, the gbserved changes in conductivity are due to variations in
these factors caused by doping and fhermal treatment, highlighting the significant role of such

processes in improving the electricdl properties of doped metal oxide materials [96]:
0 = nqp, + pqyp (11.2)
where ; n and p are electron and hole carrier concentration, respectevely,

ul and u@ : the mobility of charge carriers (electrons and holes), respectively,
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q : the elementary charge of the electron.

On the other hand, the increases of electrical conductivity by annealing can be explained
by the phase change from Cu,O to CuO [97].

Heat
2Cu,0 + 0, ——— 4Cu0 (111.3)
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_ General conclusion

General conclusion

This work aims to elucidate and investigate chromium-doped copper oxide (CuO:Cr) thin
films deposited on glass substrates using the ultrasonic spray pyrolysis technique, in order to
study the effect of doping percentage and annealing on the optical and electrical properties of
these films.

In this study, we used the ultrasonic spray pyrolysis technique because of its simplicity,
ease of implementation, and the fact that it does not require vacuum conditions. The thin films
prepared using this technique are of high quality and exhibit excellent adhesion.

The CuO:Cr thin films were deposited at a fixed nozzle-to-substrate distance (5 cm) using
an aqueous solution of copper (Il) chloride dihydrate (CuCl,-2H,0) and chromium (1)
chloride hexahydrate (CrCls-6H,0) dissolved in water with different chromium doping levels
(O at. %, 3 at. %, 6 at. %, 9 at. %, and 12 at. %). The solution concentration (0.05 mol/l),
deposition time (4 minutes), flow rate (60 ml/hr), and temperature were kept constant
throughout the deposition process at 350°C.

The optical and electrical properties of the prepared samples were studied using UV-
Visible-NIR spectrophotometry and the four-point probe technique to characterize the films’
optical and electrical properties. This study led to the following conclusions:

With the increase in chromium doping percentage from 0 at. % to 12 at. %, it was observed
that the optical transmittance was high in the visible range, ranging from 60% to 85% at the
nozzle-to-substrate distance of 5 cm. The film thickness ranged from 380 to 400 nm before
annealing and from 370 to 400 nm after annealing. Additionally, the optical band gap increased
from 2.5 eV to 3 eV before annealing and from 1.2 eV to 2.3 eV after annealing. It was also
observed that the Urbach energy decreased with increasing band gap energy, and that the
refractive index decreased with increasing film thickness. The electrical conductivity of CuO
decreased with increasing chromium percentage from 7.5x107* to 5.6x10~* (Q.cm)~* before
annealing, and from 8.9x107* to 7.5x107* (Q.cm)~". after annealing. These changes in the thin
film properties are attributed to the increase in chromium doping and annealing, which lead to
increased porosity and a reduction in structural defects caused by chromium atoms occupying

appropriate sites and interstitial sites in the CuO lattice, making it less disordered.
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_ Abstract

Effect of Cr doping on optical and electrical properties of CuO thin films
deposited by spray pyrolysis technique

Abstract

This research aims to study the effect of chromium doping on the optical and
electrical properties of copper oxide thin films prepared using the spray pyrolysis
technique. Copper oxide thin films are considered promising materials for various
applications in optoelectronic and thermoelectric devices. Doping with elements
such as chromium can effectively enhance their optical and electrical properties,
making them suitable for different technological applications such as gas sensors,
solar cells, and display devices.

In this work, thin films of copper oxide doped with chromium (CuO:Cr) were
fabricated at different doping levels (0 at. %, 3 at. %, 6 at. %, 9 at. %, and
12 at. %) on glass substrates using spray pyrolysis and thermal decomposition
techniques. Solutions of copper chloride and chromium chloride were used to
prepare the necessary solutions. During the preparation, specific conditions were
maintained, such as substrate temperature and evaporation rate, to ensure the
formation of homogeneous films.

The results showed that increasing the chromium concentration significantly
affected the films’s properties. where the bandgap increased and the optical
absorption decreased with higher chromium doping levels. Additionally, the
study demonstrated that the doped CuO:Cr films exhibited good electrical
conductivity, making them suitable for various applications.

It is worth noting that factors such as solution concentration, thermal
treatment, and the substrate play a significant role in enhancing the films&#39;
properties. Overall, the study concluded that doping with chromium is an
effective method to improve the performance of copper oxide thin films by
controlling the preparation conditions and chromium concentration to achieve the
best optical and electrical properties.

Keywords: CuO:Cr thin films, Spray pyrolysis, Nozzle-substrate distance,
band gap, Urbach energy, electrical conductivity.
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_ Abstract

Effet du dopage au Cr sur les propriétés optiques et électriques
des couches minces de CuO déposées par la technique de pyrolyse
par pulvérisation

Résumé

Cette recherche vise a étudier 1’effet du dopage au chrome sur les propriétés
optiques et ¢lectriques des couches minces d’oxyde de cuivre préparées par la
technique de spray pyrolyse. Les couches minces d’oxyde de cuivre sont
considérées comme des matériaux prometteurs pour diverses applications dans
les dispositifs optoélectroniques et thermoélectriques. Le dopage avec des
éléments tels que le chrome permet d’améliorer efficacement leurs propriétés
optiques et électriques, les rendant ainsi adaptees a différentes applications
technologiques comme les capteurs de gaz, les cellules solaires et les dispositifs
D'affichage.

Dans ce travail, des couches minces d&#39;oxyde de cuivre dopées au
chrome (CuO:Cr) ont été fabriquées avec differents niveaux de dopage (0 % at.,
3% at., 6 % at., 9 % at., and 12 % at.) sur des substrats en verre en utilisant les
techniques de spray pyrolyse et de décomposition thermique. Des solutions de
chlorure de cuivre et de chlorure de chrome ont été utilisées pour préparer les
solutions nécessaires. Pendant la préparation, des conditions spécifiques telles
que la température du substrat et la vitesse d’évaporation ont été maintenues afin
d'assurer la formation de films homogénes.

Les résultats ont montré qu’une augmentation de la concentration de chrome
influencait de maniére significative les propriéetés des films, la bande interdite
augmentant et 1’absorption optique diminuant a mesure que la concentration en
chrome augmentait. De plus, I’étude a montré que les films dopés CuO:Cr
présentaient une bonne conductivité électrique, ce qui les rend adaptés a diverses
applications.

Il convient de noter que des facteurs tels que la concentration de la solution,
le traitement thermique et le type de substrat jouent un réle important dans
I’amélioration des propriétés des films. Globalement, 1’¢tude a conclu que le
dopage au chrome est une méthode efficace pour améliorer les performances des
couches minces d’oxyde de cuivre en controlant les conditions de préparation et
la concentration de chrome, afin d’obtenir les meilleures propriétés optiques et
électriques.

Mots clés : Couches minces de CuO:Cr, Spray pyrolyse, distance bec substrat,
Bande interdite, Energie d’Urbach, Conductivité électrique.
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