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GENERALINTRODUCTION

The field of thin films is an ancient but very important field of study, seeing many
modifications and prompting significant research efforts in recent years across diverse
technological sectors to meet a growing range of requirements.

Transparent and conductive oxides (TCOs) thin films are significant materials as they
possess dual attributes: transparency and electrical conductivity in the visible range [1].
Transparent Conductive Oxides are predominantly composed of metal oxides, it can be
classified as either p-type or n-type semiconductors. Coatings made of n-type
semiconductors, including materials like indium tin oxide and zinc oxide, play essential roles
in diverse technological domains like transparent electronics and nanodevices [2-
4].Moreover, thin films of a p-type semiconductor have received considerable attention in
recent years, owing to their vital roles in optoelectronic devices such as changeable
reflectance mirrors and other applications. Recent research has employed transition metal
oxides (TMOs) derived from type p semiconductors to establish a p-n junction, in addition

to other applications in the industry.

Lately, there has been an increasing interest in the study of materials (TMOs) in
fundamental research, primarily due to their diverse physical applications. These
applications span various fields including renewable energies, microelectronics, and
nanotechnology [5]. TMOs have been employed in various technologies such as smart
windows, light emitting diodes (LEDs)[6], and as materials for Li-ion battery electrodes [7].
These include metallic oxides: TiO2, NiO, ZnO, Cr.03, Fe;0s3, v - Fe203 [8]. Lately, there
has been significant focus on Nickel oxide (NiO) films and devices due to their promising
attributes. These encompass UV transparent conductivity, wide band gap semiconductor
characteristics with absorption edge in the near UV-visible region, and its nature as a p-type
semiconductor. These properties have proven valuable in various applications such as gas
sensors, UV detectors, and heterojunction LDs and LEDs [9-13]. On the other hand, Nickel
Oxide (NiO) is a transition metal oxide, it has optical, electrical and magnetic properties that
make it a usable material[14]. NiO is a VII1-VI semiconductor of type p [15], It forms under
a crystalline salt rock structure of type NaCl [14], the mesh parameter is 4.17 A [16].Ithas a
wide band gap between 3.6 and 4.0 eV [14].

Several methods were employed for the deposition of NiO thin films, such as reactive
sputtering [17], chemical vapor deposition [18], and the sol-gel technique [19]. Out of these
methods, we opted for the pyrolysis spray technique due to its simplicity, cost-effectiveness,

2



GENERAL INTRODUCTION

ability to produce homogeneous large surfaces, and ease of controlling the structure of the
deposited films [20].The primary aim of this study is to produce high-quality nickel oxide
(NiO) thin films utilizing the spray pyrolysis technique.

The thesis consists of five chapters, structured as follows: commencing with the
general introduction, the chapter | presents an overview of transparent conductive oxides
(TCOs) and their applications across various fields. Additionally, it includes a review on the
physicochemical characteristics and properties of nickel oxide (NiO) thin films, as well as

their practical applications.

Chapter Il introduces several experimental techniques for producing thin films.
Subsequently, the experimental apparatus employed is described. This includes the pyrolysis
spray technigue and the preparation of sample solutions. VVarious characterization techniques
are then discussed, including X-ray diffraction (XRD), UV-visible spectrometry, and four-
point probing. The characterization of NiO samples is focused solely on nanostructure
analysis and electrical properties. Deposition encompasses varying solution concentrations

and examining the impact of doping and co-doping on the substrate layer.

Chapter 111 discusses the experimental results obtained and delves into the synthesis
of our undoped NiO films of varying volumes, examining their structural, optical
transparency, and electrical conductivity properties.

Chapter IV focuses on discussing the experimental findings concerning F doped NiO
and Cu doped NiO and Al doped NiO and of thin films, which were deposited using varying

volumes.

Chapter V presents the results obtained for F and Cu co-doped NiO and Al and F co-
doped NiO and Cu and F co-doped NiO thin films at different concentrations. Finally, we

will conclude this thesis with a general conclusion and perspectives.
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I-1-Introduction

For a long time, conductive transparent oxides have been the focus of extensive research,
because they have good transparency in the visible and high electrical conductivity. The
purpose of this chapter is to first present a bibliographical study on conductive transparent
oxides (TCOs), we recall the main properties of conductive transparent oxides (TCOs) and
in particular those of nickel oxide, NiO properties and elaboration methods. We also describe
the main properties (TCOs) obtained by different techniques and we present the selection
criteria of the CVD technique (pyrolysis spray) and some applications of NiO films.

I-2-Transparent conductive oxides (TCQOs):

Oxides are a chemical family of primary importance both by the quantity of compounds
it contains and by the abundance of these compounds in nature. Transparent conductive
oxides (TCOs) are degenerated semiconductors with wide gaps. They have the dual property
of being good electrical and transparent conductors in the visible field [1].

Historically, the history of conductive transparent oxides (TCOs) began in 1907, at the
discovery of cadmium oxide (CdO)in the form of a thin layer by Karl Baedeker [2]. This
first observation gave rise to a new research theme which remains after a century a topical
subject. Many TCOs materials then appeared, in particular: (In203z, SnO2, ZnO, Cd2Sn04,
Sn (ITO), ZnO:Al, NiO,....... ). Currently, research on conductive transparent oxides has
concentrated on the study, the synthesis and improvement of the physical properties of such
oxides. In addition, to achieve excellent results of TCOs, doping and heat treatment are the

most demanding solutions.

I-3-Properties of conductive transparent oxides (TCOs):

Conductive transparent oxides have a set of properties that allow their use in a number of
applications. TCOs have a high gap (3~4 eV) prevents them from absorbing photons with less
energy than this gap [3], high mobility and low effective mass[4], Low resistivity(10~
Qcm),concentration of carriers 1020cm=3[5], high electrical conductivity and low absorption
in the visible [6].

Their Fermi level is all close to the conduction band (BC). They have the ability to diffuse
light and transparency in the visible [7], stable against specific elements [3]. TOCs properties

are strongly related to the preparation methods and its chemical composition.
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I-4-Application of conductive transparent oxides:

TCOs materials are already widely industrialized and used in several applications, Figure
I.1 shows some of these applications.

Flat Panel Displays

&

Smart windows
o Tk

le

Solar cells

Heat efficient windows

4L 4

Figure 1.1: Some TCOs Applications [8].

Some of these applications are listed below [9,10]:
« Applications of the solar cell
« Architectural glass coatings
« Transparent heating elements
« Transparent electronic
« Optical synaptic devices with optical memory action
» Flat screens
« Photocatalysis application

+ Gas sensors
I-5-Nickel oxide (NiO):
I-5-1-Definition of nickel oxide (NiO):
Nickel oxide (I1) is a chemical compound of the formula NiO, it exists in nature as

octahedrons. Depending on the preparation method, this oxide typically appears as a

greenish-grey powder, it is obtained by pyrolysis of divalent nickel compounds such as
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Ni(OH)2, Ni(NO3)2, NiCO3 or (NiCI2-:6H20) [11].Nickel oxide naturally as a bunsenite
(Figure 1.2).

Figure 1.2: Photo of a bunsenite crystal [12].

I-5-2-Properties of nickel oxide (NiO):
Nickel oxide (NiO), belonging to the family of conductive transparent oxides (TCO), is
an antiferromagnetic semiconductor. It is a material recognized by its chemical and thermal
stability has a set of electrical and optical properties, used in many applications in the field

of electronics and optoelectronics [13]. Table (I-1) shows some general properties of NiO.

Table 1.1: Some general NiO properties [14-15].

lattice parameter (A°) 4.176
Average atomic number 18
density (g /cm?d) 6,72
molar mass (g/mol) 74,69
average atomic mass (g) 27,35
melting point (°c) 1960
boiling point (°c) >2000
Entropy S° (KJ 1. mol™) 38
Solubility in water (mg/L) 1.1
Band Gap Energy (eV) 3.6-4.0

I-5-3-Crystallographic properties OF NiO:
Nickel oxide crystallizes in a cubic structure with centered faces (cfc) of the NaCl type

(Rock-Salt) [16]. The lattice parameter is 0.417 nm, 18% larger than that of metallic nickel
[17].
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The main crystallographic characteristics under ordinary pressure conditions of nickel
oxide NiO are shown in Figure 1.3 (ASTM 47- 1049) and in Table I.2.

The cubic structure composed of two identical subnets A and B, where each atom in
subnet A has neighbors belonging from subnet B and vice versa. The oxygen sub-network
and nickel sub-network are both cfc as shown in Figure 1.3.a. The plan (100) is a mixed plan,

composed of 50% Ni and 50 % O and is non-polar, therefore stable (Figure I .3 (a)).

@ &
£
& o

a-NiO cfc structure b-Reticular distance ¢-NiO mesh oriented
between 2 planes (111) of according to (111)
same nature

Figure 1.3: Nickel oxide cfc structure and surface oriented according to the plane (111) [15-
17].

The (111) planes alternate between pure Ni and pure O. The (111) face is polar and
therefore unstable [15]. The NiO crystal oriented on (111) corresponds to an alternating stack
of planes made up solely of anions on the one hand and cations on the other. The inter-
reticular distance is 0.120 nm between two planes of different nature, and 0.241 nm, twice
as much, between two planes of the same nature (Figure 1.3. (b)). The cell corresponding to
the face (111) has a hexagonal symmetry with the following mesh parameters: a = b =
0.29475 nmand ¢ = 0.72119 nm (Figure 1.3(c)). The vertices -tops-are occupied by oxygen
atoms, two other oxygen atoms being located inside the cell. The middle of the edges-the
stops-following the direction care occupied by nickel atoms, with two other nickel atoms
located inside the cell. This cell contains three oxygen atoms and three nickel atoms [17-18-
19].
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Table 1.2: Main crystallographic characteristics of NiO.

Bibliographic study

Structure

Maile network R space group
o Cubic a=b=c AetB (Ni*?) =72.0 Pm
Ni
CFC. and cation (Ni*?) (02) =140Pm Fm3m
o=B=y=n/2 anion (0

I-5-4-Optical Properties of NiO:

NiO is a transparent material (40-80%) in the visible region, whose refractive index is

equal to 2.33 with a large direct gap (3.6 - 4 eV) [20,21]. In the figure (Figure.l.4), it is
presented the spectrum of NiO transmission [22].

100 +

80 A

60

40

Transmittance (%)

20

Pure NIO

1

400

500

600

Wavelength (nm)

Figure 1.4 : Spectrum of transmission of NiO [22].
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In the Table (1.3) the parameters of the optical properties of NiO film have been
illustrated obtained by CVD spray method in experimental studies.
Table 1.3: Some NiO optical property.

solution T (%)- t Eg(eV) Eu(meV) |Réf.
visible (nm)
C(NiCl.6H,0) 30-60 - 3.7-3.84 281-337 | [23]
C(Ni(NO3),.6H,0) 57-88% | 180-200] 3.68-3.56 300-450 | [24]
C(Ni (CHsCO,)2.4H,0) | 80-90 | 800-900 3.61 - [25]
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I-5-5-electronic properties of NiO:
NiO is a semiconductor. The electronic configurations of oxygen and nickel atoms are

as follows:
0:1s22s?2p*,

Ni:1s22522p53s23p°® 4s230i®
NiO has been under extensive investigation for decades due to its interesting electronic
structure, strongly affected by Ni electrons 3d that are located in space, but spread over a
wide range of energy due to strong Coulomb repulsion between them [26,27].

Nickel oxide is among the transition metals. The magnetic property of this compound
is due to the existence of band d. The band d can contain a total of 10 electron sand its width
is about 5 eV. The figure (Figure.l.5) shows the molecular orbital diagram of the
fundamental state of NiO [28].

i 3a st MO O 3p

(B ) (3m)* (18 (9a) (4n)’

Figure 1.5: Schematic molecular diagram of the fundamental state of NiO (orbital Ni atom and
0) [28].

The energy level of the 3d electronic underlayer responsible for magnetism is slightly
higher than the 4S conduction underlayer [29]. 3d orbitals are composed of two levels: t2g
and eg, the orbitals of the oxide ions overlapping with the 3d orbitals of nickel form the low
energy binding level, this level and the t2g level are electronically complete, the anti-binder

level eg contains only two electrons.
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I-5-6- Electrical properties of NiO:

Nickel oxide is a semiconductor material type p [13,30,31], having a low

conductivity type p according to the method of preparation. Conductivity ranges from 102
cmiQ?! to 500K and 107 cm™Q? to 30K. Table (I-4) shows some of the electrical
properties of NiO.

Table 1-4: Shows some of the electrical properties of NiO.

conductivity ¢ (Q.Cm)™ 0.1-1[32]
Mobility.l(Cm?V. S) 0.1-1[33]
Electronic density Ny (Cm®) 10%8-10'°[33]
dielectric constant 11.9[15]

I-5-7-The applications of NiO:

NiO has generated technological interest and growing industrial. This interest mainly

concerns their properties (optical properties, magnetic, electrical and catalytic) associated

with general characteristics such as mechanical hardness, thermal stability or chemical

passivity. Thin films of nickel oxide were used as [34]:

1
2
3
4
5.
6
7
8
9

I-5

An antiferromagnetic material.

. p-type transparent conducting films.
. Electrocatalysis.

. Positive electrode in batteries.

Fuel cell.

. A material for electro-chromic display devices.

. Part of functional sensor layers in chemical sensors.
. Solar thermal absorber.

. Photo electrolysis.

10.
11.
12.
13.

Promising ion storage material in terms of cyclic stability.
Resistive memories.
Electro chromic devices.

Giant magneto resistive spin valve structures.

-8- The process of depositing thin films of NiO:

NiO solution spraying techniques are used to deposit NiO thin films, it is prepared

through a variety of methods and protocols, as shown below:
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1-5-8-1- Deposition of NiO Thin Films from Nickel Chloride Solutions:
NiO thin films fabricated from nickel chloride, it can be dissolved in various solvents,
including water, ethanol, and methanol solutions. When preparing a NiO solution with

a water solvent, dissolve the nickel chloride dihydrate (NiCly, 2H.O) in water, heat the
resulting solution to 50 °C, and add drops of HCI for stabilization before using it to deposit
NiO thin films onto substrates. The process of decomposition of nickel chloride to nickel
oxide in the presence of water was discussed by Menaka and Umadevi [35], based on the
equation below [36]:

Ni Cl, + 2H,0 — 2HCl + Ni (OH),
Ni Cl, + 2H,0 = 2HCl + NiO + H,0
I-5-8-2- Deposition of NiO Thin Films from Nickel Nitrate Solutions:

A NiO solution can be prepared by mixing nickel nitrate with various solvents such
as water, ethanol, and methanol. In the process of making a NiO solution using a water
solvent, nickel nitrate dihydrate (Ni (NOs)2. 2H20) is mixed in the same volume as the
water solvent [37]:

NiO(NOs), + 2NH,OH - Ni (OH), + 2NH,NO,
2 Ni (OH), - 2NiO + H,0
I-5-8-3- Deposition of NiO Thin Films from Nickel Acetate Solutions:

The NiO solution is prepared using nickel acetate in various solvents such as water,
ethanol and methanol. When preparing a NiO solution using a water solvent, if the nickel
acetate dehydrated Ni(CH3COO),- 4H,0) is added for the same size as the water solvent
[38]:

Ni(CH;C00),.4H,0 + CH; — OH = Ni(OH) + 2CH;COOCH + 4H,0

Table 1-5: Information of Nickel types [37-39].

Molecule Molar Density Solubility in water
formula mass (9/ cmB) (mg/l)
(9/mol)
Nickel (NiCly, 2H20) 237.69 1.92 2540x10%(20°C)
Chloride
Nickel Ni(CH;C00),.4H,0| 176.78 1.798 Easily soluble in cold
Acétate water, hot water
Nickel Ni (NOz3)2.2H20 290.08 3.55 6.42x10%t20°C
Nitrate
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I-6-Techniques and methods of elaboration of thin films TCO:

There are many techniques of thin film deposition, which are generally divided into two
main families: physical methods and chemical methods. Among the physical methods , the
best known are : sputtering in all its forms [38,39,40],evaporation by joule effect [41,42,43],
electron beam evaporation [44],and laser ablation[45,46].Chemical methods are used in two
types of deposits vapor-phase[47]or in solution, the sol-gel method[16,48],plating[49],and
reactive chemical spray technique (spray) [50,51]. Figure 1.6 summarizes the ranking of all
these methods. One of the advantages of these techniques is that the use of the raw material
can be optimally optimized [52].

- sputtering

Electron barrel
evaporation
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molecular jet
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=l vapor-phase |gm MOCVD
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=1 spray pyrolysis

Figure 1.6: Synoptic diagram of the different thin film deposition techniques [53,54].

I-7-Conclusion:
Through this chapter, it seems that the great importance of nickel oxide which is

considered of the family of transparent and conductive oxides, and also, it has very
interesting properties, it is available to be introduced to the several components, in addition,
he is a good conductor, absorbent, catalyst, large capacity and stable in the field of
electrochemistry. In the next chapter, the processes or methods have been applied most

importantly to form its NiO thin films.
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I1-1-Introduction:

In this chapter, our focus is specifically on the technique of depositing thin films
using the spray pyrolysis method. It is a relatively simple alternative that uses traditional
and inexpensive means[1].Its implementation is locally feasible. we will discuss the
preparation of the different solutions used for the elaboration and doping of thin films and,
the different methods and techniques used in the deposit. The operating principles of the
different characterization techniques we used to analyze the films we developed will also
be presented in this chapter.

11-2-Spray Pyrolysis Method:

It is one of the chemical methods and we will adopt it in our work. Which was the
first to utilize this method in1956, they used a selective surface to create a black copper

membrane on an aluminum substrate[2].
I1-2-1 General principle of the spray process:

A solution of different reactive compounds is vaporized and then projected, using an
atomizer, on a heated substrate. The temperature of the substrate allows the activation of
the chemical reaction between the compounds[3].The experiment can be performed in

air[4],and can be prepared in an enclosure (or in a reaction chamber) under a vacuum.
11-2-2 — Advantages of the Spray:
The choice of this technique was motivated by many advantages:
« Possibility to deposit a wide choice of materials.
« Simple method of adding the precursor by means of a spray.

« The thin films prepared by this technique are of (good quality, very inexpensive

and economical, fast and simple, industrializable).
It allows to control the chemical composition of the material you want to obtain.
« Several products can be used at once, especially for doping[5].

I1-3-Experimental setup used:

It is a composition made in the Technological Hall of the Department of Mechanical

Engineering of the University of EI-Oued. The latter is built from simple devices to which
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certain modifications have been made in order to achieve homogeneous films of metal

oxide. The diagram of the designed and realized deposit system is shown in Figure I11.1.
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Figure I1.1: Thin film deposition device by spray technique[6].
The main elements of this composition are:

e A reflector: It is a satellite receiver dish covered by a hundred small mirror
surfaces that cover the inner surface of the reflector. Mirrors should have their

bright side facing the sun.

e A substrate holder: It is a plate,15 cm long, heated by solar energy, whose

temperature can be manually regulated using a millimeter.

e Atomizer: is an element that transforms the solution into droplets. It is placed on a
height-adjustable support to control the distance between the spout and the

substrate.

e Air compressor: It is a device that provides pressure to the atomizer in order to

operate it.

In this solar composition, the reflector is facing the sun, using a controlled tracking
system. It is redirected to the position of the sun from sunrise. The solar rays are reflected
at the focus of the parabolic forming the sunspot which should appear in front of the plate
to be heated.
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L

Figure 11.2: General view of the oven used.
11-4-Temperature measuring instruments:

We wused a digital millimeter (AITAV-4MEO5781) with the following
characteristics(Figure 11.3):

v" Model (AITAV-4ME05781).
v’ Power supply; one battery (9 V).

v’ Operating range: -20a1000°C.

Figure 11.3: Photo of Used Digital Millimeter(AITAV-4ME05781).
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To measure the temperature reached on the oven surfaces, the millimeter probe is placed
on the receiver surface (Figure 11.4):

Figure 11.4: Position of the millimeter probe.

11-5- Preparation:
To prepare thin layers of nickel oxide, we follow these steps:
11-5-1-Preparationofthesubstrate:

% Choice of the deposit substrate:
The substrate choices are important to perform characterization on the layer using
glass of the substrate to study structural and optical properties. The substrates used are
glass blades their dimensions(7.62x2.54)cm?with thickness equal to 2 mm, cut by a

diamond-tipped pen(Figure 11.5). This choice of glass is due to two reasons:
v Adapts well for its transparency, it allows a good optical characterization of films.

v" And its significant theoretical dilation coefficient giving a good adhesion of the
deposited layers.

D —

GLASS s1)pe
7107

Plain grouneg odges
Qty: 80pcastrey.

Made in chiyne

Figurell-5:Glass substrates.
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After deposit, the sample (substrate + layer) is cooled from the deposition temperature to
ambient temperature (~20°C) which causes a compressibility of the two materials
constituting the sample. In this case, they have very close dilation coefficients, hence a
minimization of constraints. It should be noted that the increase in substrate temperature
leads to an increase in stresses. This is related to compressive stress caused by the
difference between the dilation coefficients of the substrate and the deposited

material(ogiass= 8,5%10°K™, anio=7,93x10°K™) [7]and also for economic reasons.

% Clearing :

The quality of the deposit depends on the cleanliness and the state of the substrate.
Cleaning it is therefore a very important step:all traces of grease and dust must be removed
and checked by eye the surface of the substrate is free of scratches and defects. These
conditions are essential for the good adhesion of the deposit on the substrate

The substrate surface cleaning process is carried out as follows:

Substrates are cut using a diamond-tipped pen.
¢ Rinse with distilled water.

e Wash substrates in methanol to remove grease and impurities stuck to the surface

of the substrate then they are cleaned in a distilled water bath.
e Rinse with distilled water for 10 min.

e Drying Substrates with paper, avoid touching the surface of the substrate to avoid

contamination.

I1-5-2-Preparation of solutions:

To elaborate of the undoped, doped and co-doped NiO thin films, a solution was
prepared by the dissolution of nickel. We wused nickel nitrate hexahydrate
Ni(NO3z)2.6H.O(molecular weight M=290.89g/mol), as a source material, to which distilled
water(V=50ml) is added to the solution to obtain a less viscous solution, and adds some

drop of HCI solution to stabilize the components in the solution, using a thermalagitator.
The mixture solution was stirred and heated at 45°C untila time of 4 h to transparent

solution. The resulting solution is transparent green and slightly viscous(Figurell-6).

26



Chapter 11

Method of elaboration of NiO thin films and

characterizations

Figurell-6: Preparation of nickel oxide.

a-Undoped NiO:

In the Table 11.1 below, they recapitulate the experimental parameters of the work of
undoped NiO.

Table 11.1: Experimental parameters of the work of undoped NiO.

Sample Concentration Volume Substrate
(M) (ml) temperature (°C)
1 5
2 0.1 10 450
3 15
4 20

b-Al, Cu and F doped NiO:

In Table 11.2 below, the experimental parameters of Al, Cu and Fdoped NiO.

Table 11.2: Experimental parameters of the work of Al, Cu and F doped NiO.

Sample | C(M) | Al(%) | Cu (%) | F(%) | Volume (ml) Substrate
temperature
)
1 5
2 0.1 3 3 5 10 450
3 15
4 20

11-5-3-Preparation of NiO thin films:

Following preparation of the solution and substrate, by employing the chemical thermal
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spraying technique, we start the deposition process directly by following these

procedures:

v The substrate is positioned atop the substrate holder within the focal point of the
solar oven. To prevent substrates from experiencing thermal shock, the substrate
holder is heated gradually from room temperature to the temperature chosen for the
deposits (450°C).

v" When heated, the compressor pressure is fixed, thus the flow rate of the spray
solution. Very fine droplets are sprayed on the heated substrate using the air brush,
activation of the chemical reaction between the compounds, the solvent evaporates
due to the endothermic reaction of the two compounds forming the thin layer. The

reaction results in the formation of a nickel oxide layer on the substrate surface.

v Following the completion of the deposition process, heating is halted, and the
substrate is left to cool on the substrate holder until it reaches room temperature, to

avoid thermal shocks that may break the glasses, then we get our sample back.
I1-6-characterization techniques:

After the films were deposited, it is necessary to perform different characterizations, the
undoped, doped and co-doped NiO thin films were analyzed by different characterization

techniques.
11-6-1-x-ray diffraction:

This technique is a structural characterization method based on the phenomenon of X-
ray diffraction on a crystalline material(Figure 11-7 and 8), and it is fundamental and very
important when evaluating thin films and to know the crystal structure of materials, as well
as the arrangement of atoms within the crystals, the crystalline dimensions, and to determine
certain parameters, such as the degree of crystallinity, and the preferential orientation of the

grains constituting the sample, it is a simple and non-destructive sample analysis technique.

Thin films were characterized using various analytical techniques. The XRD diffractogram
was obtained by a DRX Rigaku-MiniFLex600 system (and PROTO) with a Cu-Ka radiation
source of A=0.15406 nm in the range of 30°-90°. Objective is to investigate nickel oxide
thin film structural characteristics (Figure 11-7 and 8). (The characterization of the samples

was performed at the university of Biskra and the university of El-oued).

Scanning area in (°) 2 6i:30, 2 6:90
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Step in (°): 0.002°

beta

Intensity (a.u)

20 a0 2 Theta (deg‘)) 80

Figure 11.7: Schematic illustration of X-ray diffractometer & the exraction of the full width at
half maximum (B beta) from X-ray diffraction peak.

a-The Lattice parameters:

Equations provided by Bragg's law are used to calculate the lattice parameters for the unit

cell of the phase that is present. The absence of reflection peaks indicates that the material
is amorphous [8]:
2dyg Sin ® = nA (1.1)
Where:
dyithe spacing between the planes in the atomic lattice.
0 is the angle between the incident ray and the scattering planes.
n is an integer.

Ais the wave length of the incident wave.
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Figure 11.8: Simple diagram representing the family of crystalline planes in Bragg
condition [8]

The following formula (11.2 and 3) is used to find the cubic lattice parametera of nickel
oxide thin film [9,10]:

1 h%2+k%+]?

(11.2)

2 2
dij a

a = dhlehZ + k2 + 12 (”3)

b-Determination of the size of crystallites:

From the diffraction spectra, it is possible to calculate the approximate grain size
using the Debye-Scherrer relationship[11]:

0.9
D_(Bcose) (1.4)

Where: D is the size of the crystallites (nm), A: the wavelength of the X-ray beam (A).

B: the width at mid-height of the diffraction line, expressed in radian (Figure 11.7).

0: the diffraction angle in degrees.

90 -

/1\
i A

Ld o T 1d T 1d 1
35,6 35,8 36,0 36,2 36.4 36,6 36.8
20

Intensité (n.a)
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Figure 11.9: the width at mid-height of the X-ray diffraction line 5 [12].
11-6-2-UV-visible spectroscopy:

The domains of spectroscopy are generally distinguished according to the wavelength
interval in which the measurements are made. The following areas can be distinguished:
UV-visible, UV-visible-near infrared, infrared and microwave. In our case, we used a UV-
Visible spectrophotometer(SHUMATZU 1900),it is a double beam spectrometry, one for
reference (glass) and the other for our sample and whose spectral range extends from UV-
Visible (A =200-900 nm).The principle of operation of this device is shown in Figure
11.10.

Light Source 1w

Diffraction l - :
Grating /’, Mirror 1
slit 1 &
St 2 m—— Light Source Vis
Filter
Reference
Mirror 4 Cuvette Detector 2
Reference I
Beam U o
Lens 1
Half Mirror
F e N

59 Mirror 2 Sample
Cuvette Detector 1

& Sample n I
Mirror 3 S ULens 2

Figure 11.10: Schematic representation of the UV-Visible spectrophotometer [13].

Figure 11.11: Experimental device of UV-visible spectroscopy used (Echahid Hamma Lakhdar
University, EI-Oued).
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11-6-2-1-Measurement of optical properties:

Optical methods can characterize many of the parameters, this method allows
determination of the absorption coefficient, the optical gap, refractive index and film

thickness, the energy of Urbach.
a-Determination of the optical gap:

NiO material has a direct gap. Therefore, the absorption coefficient as a function
depending on the optical gap and energy (hv) of photons is written in the form (Tauc

equation) [14]:
(ahv)? = A(hv — E,) (11.5)

Where:
a:The absorption coefficient.
A: is a constant.
Eg: is the width of the bandgap (or optical gap expressed in eV).
hv: is the energy of a photon in ev.

By tracing (o hv) 2 according to hv and extending the linear part of o 2until the axis of

the x-axis (that is to say for a >=0) we get the value of Eg, see figure (Figure. 11.12).

1.50E+015
Eg (NiO)
1.25E+015 -
o 1.00E+015 -
%
~_  7.50E+014 -
=
3
5.00E+014 -
2.50E+014
0.00E+000 = T . T : T . T
2.0 2.5 3.0 35 / 4.0

hv (ev)

Figure. 11.12: Determination of the energy gap of a thin layer of NiO[15].
b-Determination of the energy of Urbach:

In the pyrolysis spray deposition method, the growth of the film is by thermal
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decomposition of a precipitate, at the substrate level, resulting from the vaporization of
droplets. In this situation, the material that is formed contains different types of defects
causing a disorder in the structure. In this case, the band edges described in the case of

crystalline networks and delimited by E, and Ec may disappear Figure. 11.13[16].
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Figure. 11.13: Distribution function of energy states in bands.

We observe what are called localized states in the band-gap which appear in bands at the
borders of the valence and conduction bands. For energies higher than Ec and lower than
Ev, are the extended states. When disorder becomes too great(for example with the
appearance of hanging bonds or impurities in the material), the tails can encroach. Thus, it
is possible to estimate the disorder existing in the layers by studying the variations of the
absorption coefficient. Indeed, the absorption coefficient can be expressed by the Urbach

relation[17]:
a = ayexp (Z—Z) (11.6)

Paint Ina according to hv Figure. 11.14, we can access the value of Eu=Eqo. By calculating
the logarithmic slope, 1/Eqo, in this region, the disorder of filmslgo, taking the opposite of

this slope, can therefore be deducted.

Ina =lna, + % (11.7)
Epo
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Figure. 11.14: Example illustrating the determination of the Urbach parameter from

the variation of Ina according to ho [18].

11-6-3-Four-point probe technique:

To know directly the surface resistance Rs, we used a four-point probe device. The
probe consists of four contacts aligned and evenly spaced the figure(Figure. 11.16). A

source provides a current | flowing through the external borders. The voltage U is

measured at the terminals of the two inner points.

-

A

HH,.:///
i
d

£

T
¥

sthett

Figure. 11.15: Diagram of a four-point device [19].

In our work, we applied an electrical voltage U = 5mV between the internal probes,

and we measured the current | passing through the external probes. The sheet resistance

of the thin layers is given by the formula[20]:
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_TUvu_rp
Ry =—— == (11.8)

If the film thickness is known, we can easily calculate electrical resistivity using
relationship:

p=Rs*d (11.9)

Where: d is the film thickness.

Figure. 11.16: Experimental setup of the four-point technique.

I1-7- problems encountered:
Here are the most important problems we encountered during our work:

® The problem of reading the temperature because its value changes rapidly under the
influence of wind speed.

e The problem of mounting the probe of the multimeter and the spraying system
(atomizer) in front of glass substrate holder.

e The problem of spraying solution on substrates in a homogeneous way.

11-8-Conclusion:

In this chapter, we have just made a description of the spray technique, we also set the
experimental conditions, and we described the different characterization techniques used to

analyze.
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Chapter 111 NiO Thin Films

I11-1- Introduction:

NiO is a semiconductor material that is p-type and has an optical band gap that can
vary from 3.6 to 4 eV[1].NiO's chemical stability and durability make it one of the most
important oxide materials it has low toxicity, high optical density, affordability, and
excellent thermal stability[2].The primary objective of this project is to try to create a
semiconductor made of NiO thin films that have a highly crystalline structure with well

optical and electrical characteristics.

In this work, thin films with nanostructure NiO were examined. Which are developed
using the spray pyrolysis method, the deposition temperature for NiO on a glass substrate
was 450 °C during heating with different NiO solution volumes of 5, 10, 15 and 20 ml. we
present the results obtained, we will try to study the structural properties, optical and

electrical thin films of undoped NiO.

111-2-Results and discussion:

I11-2-1-structural properties:

X-ray diffractions of undoped NiO films are illustrated in the figure (Figurelll.l),
these spectra are processed by X'Pert High Score software. NiO thin films were produced
with different NiO solution volumes of 5, 10, 15 and 20 ml using the spray technique. All
films have crystallized structures according to direction (111), Except for 5ml has
amorphous structure. These layers belong to the cubic system with centered face (FCC)

which is called cubic NaCl type[3].

20ml
=}
=
@
|
@
=

~ 15ml

o / \ 10mil

a ——
5mil
T T T
30 35 40 45 50

20(deg)

Figure 111-1: The results of X-ray diffraction spectra of undoped NiO thin films at different NiO
solution volumes.
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X-ray diffraction (XRD) diagrams of undoped NiO thin films developed by pyrolysis spray
(chemical spraying),were observed for various volumes(5-20 ml) and in the range 26 (30-50°)
(see Figure (Figure.l11.1)).

The structure of the thin film deposited at 5 ml is amorphous, suggesting the low
crystallinity of the film. This might be attributed to the incomplete formation of the NiO
film at this volume. We also note that, from the DRX diagrams, a single peak is observed
at 20=37,4°. This is attributed to the presence of the diffraction peak (111) clearly
indicating that the NiO phase exists in NaCl type (cfc) and agrees with Joint Committee on
Powder Diffraction Standards (J.C.P.D.S - No: 47- 1049) [4].

The obtain NiO thin film has a nanocrystalline structure because the spectra’s of NiO
thin films having one peak with higher in the sharper indicating, except the spectrum
corresponding to 5ml. We found a good result for the film that were set with 15 and 20ml
due to the increase in FWHM of the peaks.

To acquire more structural information, the various structural parameters have been
calculated, such as lattice parameter a, dna the inter-reticular distance, and crystallite size
D( the size of the crystallites) [5],main strain € [6], and the density of dislocation [7] thin
films of NiO .

In the case of a cubic structure, main strain € in NiO thin films can estimate via the

formula[8]:

a—

% 4 100% (11.1)

Qo
Where: a anda, are NiO thin film lattice parameter and the standard lattice parameter of
the material(a0=4.1769 A°) according to the standard card (JCPDS, number 47-1049).

The density of dislocation 8, was calculated using the following relationship [7]:

1
" p?

s (111.2)

The following table summarizes the variations of the different structural parameters
of the developed NiO thin films.
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Tablelll -1: the structural parameters of the undoped NiO thin films.

26(deg) a(A) S(deg) D(nm) £(%) .10"(lines/m?)
5ml - - - - - -
10 ml | 37.36807 4.1682 0.54223 15.49026 -0.00282 4.168
15ml | 37.40107 4.16130 | 0.52371 16.04687 -0.00373 3.883
20ml | 37.38874 4.16303 | 0.55652 15.08650 -0.00332 4.394

The figure (I111-2) are shown the variation of the crystallite size and the main strain of
undoped NiO thin films at different volumes. As can be observed, with the increase in
volumes, the change in crystallite size exhibits an inverse correlation with the main strain
(refer to Table 111 -1), this can be explained by the FWHM's variation. Where, the
maximum crystallite size, obtained at 15 ml, is 16.05 nm, this can be explained by the
homogeneous surface and coalescence, corresponding to the minimum value of lain strain
(see Table 111 -1).

16.2 : : : : , : , , , , ,
- -0.0028
16.0
g - -0.0030
= 158 - 2
3 - -0.0032°5
» 156 - k7
é —-0.0034%
% 15.4 =
g‘ L -0.0036
15.2
L -0.0038
15.0 : : : : , , , ,

10 12 14 16 18 20
Undeped NiO volume (ml)

Figure 111-2: The variation of crystallite size D and main strain & of undoped NiO thin films at
different NiO volumes.
I11-2-2-Optical properties:
111-2-2-1 Transmittance:

The optical characteristics of NiO thin films, deposited at various volumes, were
examined by assessing their transmittance across a wavelength range of 300 to 900 nm, as
illustrated in Figure (111-3). Height transparency of NiO thin films prepared in the visible
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region with an average transmission of approximately 65%,Various literature suggests that
films can achieve high transparency, typically ranging from 40% to 60%, when compared
to their original natural state[9,10].The absorption edge region was detected as
transmission decreased, indicating a transition between the valence and conduction

bands[11], occurring within the wavelength range of 320-370 nm.

100
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< ] —
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= 40 T —— 10ml

20 . —— 15ml

| 20mil
20 -
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0 T T T T T T T T T T T
300 400 500 600 700 800 900

Wavelength( nm)
Figure 111-3: the transmittance of the thin films prepared at various volumes of NiO.

Table 111 -2: Presents the average transmittance and Film thickness of undoped NiO thin
films prepared.

Samples NiO,05 ml NiO, 10 ml NiO, 15ml NiO, 20 ml
Average Transmittance

(%) 400-800 nm 69.1 53.9 68.1 63

Film thickness (nm) 163.1 214.1 262.2 334.8

I11-2-2-2-Optical gap energy:
When calculating optical values such as the absorption coefficient (a), energy gap (Eg),
and disorder (Urbach energy) (Eu), these parameters are defined as optical properties

characterizing the crystalline structure of thin films [12].

Using the equation in chapter(ll .Eq.4) to determine the energy of the optical gap is
based on the Tauc law model [13].By tracing(ahv)?® as a function of hv and that we extend

the linear part of aup to the x-axis (that is for o> = 0), we get the value of Eq in the
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literature [14,15].

Figure (111.4) shows that of estimate optical gap (Eg) NiO thin films not doped prepared
at 450°C with different volumes.

6.0x10™ -» s
o 11 —5ml
Q —15m
& 4 20 m
c\\\]—/
—
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3
~  2.0x10"" 4
0.0 -p—=v—" : 1 . 1 S S T . T T T —
1.5 1.8 21 2.4 2.7 3.0 3.3 36 3.9
hu(eV)

Figurelll-4: determination the optical gap of undoped NiO layers prepared.

Optical bandgap values for undoped NIiO films in different volumes(5-10-15and
20ml) were estimated at Eq(3,59t0 3,76eV) indicating in the table(l11-3).For the undoped
NiO film, it is evident that the bandgap values vary gradually with increasing volumes.
This alteration in band energy could be linked due to the influence of diverse factors like
preparation state, film thickness, grain size, and the presence of impurities within the films
[16,17].

I11-2-2-3The energy of Urbach:

We can determine Urbach energy, the absorption coefficient can be expressed by the
equation(see Chapter 11.Eq.5)[18],Eu (=Eo0) measures the extension of the Urbach tail and
is an indirect measure of the structural disorder Srikant et al[19]by drawing In(A) as a

function of hv, we can obtain the value of Ey= Eqy.

By calculating the logarithmic slope 1/Eqo, in this region, disorder of the film, taking
the conversely of this slope. They interpreted the Urbach energy [20] as the band width of
states located within the width of the prohibited band E4. The figure (111-5), shows the

variation of LnA as a function of photon energy hv, describes the regions where different

43



Chapter 111 NiO Thin Films

types of optical absorption phenomena. We are interested in the fundamental absorption(Ev

and E. band) and Urbach energy we draw the tangent in Figure(111-5).

12.0 H

11.5

11.0 ~

LnA

10.5

9.5 T T T T T T T T —— T T T T
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Photon energy,hu(eV)
Figure 111-5: The variation of LnA as a function of hv of undoped NiO thin films prepared.

In the Figure(ll11-6) we note that, all samples of unposed NiO thin films prepared at
450°C the experimental values of the gap band are reversed to the experimental values of
the Urbach energy[21].

As evident in the table below (Table 111.3),the energy band interval is between 3.59-
3.76eV.The decrease in the optical band gap can be attributed to changes in grain size and
the increased of structural disorder in the films, as observed through Urbach energy
analysis.

Table 111.3: Shows the values of optical gap (Eg), thickness(t) and energy of Urbach(E,) NiO
thin films prepared at 450°C.

t(nm) Eg(eV) Eu(meV)
5ml 163.17 3.76 310
10 ml 21412 3.71 362
15 ml 262.24 3.66 390
20 ml 334.77 3.59 405
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Figure 111-6: Variation of the optical gap and Urbach energy as a function of volume of the
undoped NiO layers.

I11-2-3-Electrical properties:
To identify the electrical properties of the elaborated NiO thin films with different

volumes, using the four-point method and allowed to trace electrical conductivity as a

function of volume.

The Figure (111-7) below shows the variation of electrical conductivity NiO thin films
as a function of volume. As it can be observed, with increasing volume, the electrical
conductivity increases from 5 to 20 ml, this increase in conductivity can be interpreted as
the increase in the number of charge carriers (electrons) [10], resulting in a semiconductor
that is p-type. The NiO thin film elaborated with 20 ml has a maximum electrical
conductivity was 6.527*10° (Q.cm)™.
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Figurelll-7: Variation of conductivity of NiO thin films as a function of volume.

111-3-Conclusions:

The NiO thin films were prepared using spray pyrolysis method on glass substrate at

450 °C with different volume. Thin films of nanostructures NiO were examined for their

structural, optical, and electrical properties. It was observed that NiO thin films had a
nanocrystalline cubic structure with a strong (111) preference orientation, it was observed
that only one phase in all the films prepared. The largest crystallite size (16.05 nm) was
recorded for the film deposited with 15 ml. In all NiO thin films prepared, the average
transmittance was approximately 65%. The band gap energy of NiO thin films varies
between 3.59 and 3.76 eV, the minimum value was found at 20 ml. The NiO thin film

elaborated with 20 ml has a maximum electrical conductivity was 6.527*10° (Q.cm)™.
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Chapter 1V Synthesis of nanostructured of: F doped NiO - Al doped NiO - Cu doped NiO

IVV-1-Introduction:

Metal oxide semiconductors play a crucial role in advancing industrial applications
because of their diverse inherent properties, photocatalytic capabilities, including UV light
absorption, photocatalytic capabilities, magnetic and dielectric properties, as well as high
chemical stability [1-2].

Incorporating dopants into materials stands out as one of the foremost methods for
improving material properties [3].Recently, NiO has shifted its attention towards doping with
various transition metals (TMs) including Cu[4], Na[5], Zn[6], V[7], Mn[8], Al, Ga, In[9],
Li[10], Ag[11], Mg[12], Co[13], and Mo[14], with nickel, aiming to enhance electrical
conductivity.

In this chapter, a description and analysis of measurements and discussion of results
will be provided for F doped NiO thin films, Al doped NiO thin films and Cu doped NiO thin
films. We will try to study the structural, optical and electrical properties of these thin films.

IV-2-F doped NiO thin films:

IV-2-1 structural properties:
FigurelV-1 illustrates the XRD spectra of F-doped NiO thin films prepared at different

NiO:F solution volumes of 5, 10,15 and 20 ml .As an initial result, we have observed that all
the films displayed a diffraction peak at26 = 37 related to the (111) plane of the NiO phase,
which corresponds to a single crystal cubic structure. The XRD spectra obtained
approximately corresponded with the joint committee's powder diffraction system (JCPDS,
No. 47-1049) [15].It can be observed that the thin film of F doped NiO deposited with 20 ml
exhibits a good crystal structure as indicated by the highest and strong peak, this confirms that
increasing the deposition volume can improve the crystalline quality of F-doped NiO thin

films.
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Figure I1V-1: X-ray diffraction spectra of F-doped NiO thin films at different NiO: F volumes.

The crystallite size (111) and main strain of the F-doped NiO thin films, were calculated
using the following equations [13-15]:

0.914
- B cosH (IV-1)
B
€= 4tanf (IV-2)

Where:
Dis the crystallite size.
A is the X-ray wavelength (A = 1.5406 A°).
B is the full width at half-maximum (FWHM).
0 is the angle of diffraction peak.
€ is the main strain.

Table 1V-1:Shows the crystal structure of F doped NiO thin films of F doped NiO thin films as a
function of NiO:F volume.

Diffraction Crystallite | J2ttice in strai
Samples o | FWHMB () | parameter a | Main strain €
angle 20 (°) size D ("m) | )
NiO:F,5ml | 3721 0.80 1247 0442662 1 0 00459
NiO:F, 10ml [ 57 o 091 10.94 0,44205 0.00525
NiO:F, 15 ml 37.15 0,69 14.45 0,44032 0,00397
NiO:F 20ml [ ) 0.52 19.21 0,43982 0.00298

Figure 1V-2illustrates the variation of the crystallite size and the main strain of F doped NiO

thin films at different NiO: F volumes. As can be observed, as the volumes increases, the
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crystallite size varies inversely with the main strain(see Table 1V-1), we can explain it by the
variation of the FWHM. Where, the highest crystallite size, measuring 19.21 nm, was achieved
with a deposition volume of 20 ml, this is can be explained by the homogeneous in the surface
and coalescence, this corresponds to the minimum value of strain(see Table IV-1).

20 , . , . . , 0,006
] —&— D -
-— DpNjo= 18,51 nm —*— e
— 18
£ / -0,005
[ [9&]
= =
164 ©
S =
7 0,004 @
Q =
= 14 ©
< =
2 - Y 0,003
S 12 / ’
10 , . , . , . , 0,002
5 10 15 20

F Deped NiO volume (ml)

Figure IV-2: The crystallite size D(111) and main strain ¢ of F doped NiO thin films at different NiO:
F volumes.

IV-2-2-Optical properties:

The optical properties of F doped NiO thin films were represented by the transmission
spectra in the range of 300 to 900 nm of wavelength. Figure 1V-3 illustrates the variation in
transmission of the deposited thin films at different volumes of NiO: F. As the NiO: F volume
increased, the transmission decreased due to an increase in film thickness. Despite this, the
prepared F doped NiO thin films exhibit good transmission approximately 80 % in the visible
region due to the fluorine doping (see Table I\VV-2). The transmittance of 20 ml sample (78%)
is higher than that of the 15 ml (73.8%) due to the improved crystallinity of the film. The
region between 300 and 400 nm is characterized by strong absorption, heir the decrease in
transmission of F-doped NiO is attributed to the excitation and migration of electrons from

the conduction band to the valence band.
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Figure 1V-3: The transmission spectra of F doped NiO thin films at different NiO:F volumes

Table 1V-2:Presents the average transmittance and Film thickness of F doped NiO thin films
prepared.

Samples NiO:F,05 ml NiO:F, 10 ml NiO:F, 15ml NiO: F, 20 ml

Average Transmittance

(%) 400-800 nm 83.9 85.6 73.8 78.0

Film thickness (nm) 110 112 134 140
IV-2-2-10ptical gap energy:

The optical band gap energy of the thin films of F doped NiO was determined from

transmission spectra, which it was applied the following equations [15-17].

A=ad =—InT

(Ahv)? = B(hv — E,)

(IV- 3)
(IV -4)

Where: Eg4the optical band gap energy; Ais the absorbance, d is the film thickness; T is the

transmission spectra of thin films; « is the absorption coefficient values; B is a constant and

hv is the photon energy.

It was determined by extrapolating the curve of (Ahv)? vs hv at A = 0 [18], as indicated in

Figure 1V-4, which shows the drawn of the (Ahv)?2as a function of hvof F doped NiO thin

films.
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Figure 1V-4: The typical variation of values (Ahv)? as a function of photon energy hv of F doped
NiO thin films prepared at different NiO: F volumes.

IV-2-2 -2-The Disorder (Urbach energy):

The Urbach energy of F doped NiO thin films has been determined by the following
equation [18,19]:

A=A, exp(z—v) (IV-5)
Where: Ao is a constant, and Ey is the Urbach energy.

Figure 1V-5depictsthe variation of the drawn ofLnAas a function of the photon energy hv,

where the Urbach energy was determined as the inverse of the slope of the curve.
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Figure IV-5: The typical variation of values LnA as a function of photon energy hv of F doped NiO
thin films prepared at different NiO:F volumes.
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FigurelV- 6 illustrates the variation of the band gap energy and the Urbach energy of newly
deposited F doped NiO thin films prepared at different volumes. As observed, with increasing
volumes, the variation of the optical energy shows an inverse relationship with the Urbach
energy(see Table 1V-3). The film deposited with 20 ml exhibits the lowest optical energy and
highest Urbach energy, this is can be explained by the increased mobility of F in the NiO:F,
and the corporation between F and O and thus there is an increase in the substitutional site.

Table 1VV-3Shows the variation of optical band gap energy and Urbach energy of F doped NiO thin
films as a function of NiO:F volume.

Samples Optical gap energyEq(eV) Urbach energyE. (eV)
NiO:F, 05 mi 3,54 0,609
NiO:F, 10 mi 3,52 0,595
NiO:F, 15 mi 3,61 0,394
NiO:F, 20 mi 3,51 0,689
3,72 _ 0,75
3701 -~ Eg (Nio)= 3,71 eV p—"— |
e g 0,70
. 3,68 —=—E, & I
o 3,66 0,65 =
> %] Q/—\o 0,60 =
S 3,62 . .
5 3,604 0,55 &
— - c
_g 3,58 0,50 g
S 3,56 3
O 3,54] - 0,45 -§
3,50 I
2.48] Ey (Nig)=362eV — 1035
o T I

5 10 15 20
F Doped NiO Volume (ml)

Figure 1V-6: The variation of Optical band gapE, and Urbach energy E,,of F doped NiO thin films at
different NiO:F volumes.

IVV-2-3Electrical properties:

We used four- point probe technique for determining the electrical conductivity of F doped
NiO thin films, this technique is based on the measured voltage, current and sheet resistance

expressed by:
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1’4
Ron = (5 + (IV -5)
1
g=—-= (IV-6)
p dRsn

Where: Rsn is the sheet resistance, d is the film thickness, o is the conductivity, p is the

resistivity; Vis the applied voltage =5mV; and I is the measurement current (see Table 1V-4).

As can be seen, as observed, with increasing volume, the electrical resistivity of F doped NiO

thin films rises (see Table 1V-4), this increase can be attributed to a decrease in the number of

electrons and mobility, leading to a p-type semiconductor. The F-doped NiO thin film with 5

ml exhibits the lowest electrical resistivity 231 Q-cm (see Table 1V-4).

Table 1V-4: Presents the variation of measured current and voltage and the sheet resistance of F

doped NiO thin films as a function of the NiO:F volume.

Samples Measured Measured Sheet resistance  [Electrical resistivity
Current I voltage V Rn (Q) p (Q.cm)
(nA) (mV)
NiO:F, 05 ml 10.80 2.1x10’ 231 Q.cm
NiO:F, 10 ml 0.13 1.7x10° 1.9x10° Q.cm
NiO:F, 15 ml 0.080 5 2.8x10° 3.8x10° Q.cm
NiO:F, 20 ml 0.087 2.6x10° 3.6x10° Q.cm

IV-3-Al doped NiO thin films:

IV-3-1structural properties:
Figure V-7 illustrates the XRD spectra of NiO thin films prepared with different volumes
of NiO:Al solution. We observed that each of the films exhibited a diffraction peak at 26 = 37,
this suggests the presence of the (111) plane within the NiO phase, characterized by its single
crystal cubic structure. The XRD spectra obtained approximately matched those of the Joint
Committee on Powder Diffraction Standards(JCPDS, No. 47-1049)[15].1t is apparent that the
thin film of Al-doped NiO, deposited with 15 ml, exhibits a well-defined crystal structure, as

indicated by a prominent and robust peak.
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FigurelV-7: X-ray diffraction spectra of Al-doped NiO thin films at different NiO: Al volumes.

For obtaining further structural information, various structural parameters such as the
lattice parametera, the crystallite sizes, main strain & of Al doped NiO thin films as a function
of NiO:Al volume (see Table 1V-5).

Table 1V-5: Shows the crystal structure of Al doped NiO thin films of Al doped NiO thin films as a

function of NiO: Al volume.

Diffraction FWHM | Crystallite Lattice Main
Samples _ _

angle 26 (°) B (©) size D (nm) parametera (nm) | straine
NiO: Al, 05 ml | 37,42 0,68 12.42 0.41593 0.00388
NiO: Al, 10 ml | 37,45 0,59 14.24 0,41560 0,0037
NiO: Al, 15 ml | 37,44 0,65 15.09 0,41571 0,00336
NiO : Al, 20 ml | 37,42 0,73 13.43 0,41593 0,00416

Figure 1V-8 presents the variation of the crystallite size and the main strain of Al doped NiO
thin films at different NiO: Al volumes. We notice that with an increase in volume, there is a
reverse fit between crystallite size and main strain g,this can be explained by the variation
(FWHM).we observe that, the maximum crystallite size of 15.09 nm was observed for the 15 ml

sample, this corresponds to the minimum value of lattice strain.
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Figure 1V-8:The variation of crystallite size and main strain ¢ of Al doped NiO thin filmsat different
volumes.

IV-3-2-Optical properties:

Figure 1.9 shows the optical transmittance spectra recorded in the wavelength range from
300 to 900 nm. For all Al-doped NiO thin films prepared at different volumes, the spectra
exhibit two regions: The first region, with a wavelength of less than 450 nm, shows a rapid
decrease in transparency for all samples, indicating fundamental absorption at the outset due
to the transition between the valence band and the conduction band. The second region with a

wavelength greater than 450 nm, showing an average transmission between 54 and 75%.
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Figure IV-9:Transmission spectra of Al doped NiO thin films prepared at different NiO:Al volumes.
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Table 1V-6:Presents the average transmittance and Film thickness of Al doped NiO thin films

prepared at different NiO:Al volumes.

Samples NiO: Al, 5ml | NiO: AL10 ml | NiO: AlL15ml | NiO: Al, 20 ml
Average Transmittance

(%) 66.4 75.1 53.9 63.0

400-800 nm

Film thickness (nm) 142 168 178 213

IV-3-2 -1-Optical gap energy:

Figure 1V-10 illustrates the plot of values(Ahv)2a function of photon energyhv of Al doped

NiO thin films deposited at different NiO: Al volumes, used for determining the optical band

gap energy.

5.0x10"
4.5x10" i
4.0x10" i
3.5x10"" )
3.0x10" i
2.5x10"! i

2.0x10"" S
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0.0 94—
1.5
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Figure 1V-10: The variation of values (Ahv)? as a function of photon energy hv of Al doped NiO thin

IV-3-2-2-Urbach energy:

films prepared.

Figure 1VV-11 depicts the variation of LnA as a function of the photon energy hv, where

the Urbach energy was determined by taking the inverse of the slope of the curve.
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Figure 1V-11: The variation of value sLnA as a function of photon energy hv of Al doped NiO
thin films prepared.

Figure 1VV-12 presents the variation of the band gap energy and the Urbach energy of Al-
doped NiO thin films at different volumes. Generally, we notice that the two previous
parameters are varied inversely according to volume. The film deposited with 15 ml shows

the minimum optical energy and maximum Urbach energy, as indicated in Table 1V-7.

Table IV-7: Shows the variation of optical band gap energy and Urbach energy of Al doped NiO
thin films prepared at different NiO:Al volumes.

Samples Optical gap energy Eq4 (V) Urbach energy E. (eV)
NiO :Al, 05 ml 3.66 0.632
NiO: Al, 10 ml 3.7 0.438
NiO: Al, 15 ml 3.5 0.644
NiO: Al, 20 ml 3.63 0.424
370 - L 0.65
365 - 0.60
= _ 0.55 &
; 3.60 - ;
Ll Lil
— 0.50
3.55
- 0.45
3.50
T T T T T T T T T 0.40
4 =] 8 10 12 14 16 18 20 22

volume (ml)

Figure 1V-12: The variation of optical band gapE, and Urbach energy E;,of Al doped NiO thin films
as function of NiO: Al volumes.
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IV-3-3-Electrical properties:

The four-point probe technique was employed to determine the electrical conductivity of
Al doped NiO thin films, it is based on the measured current, voltage and sheet resistance
expressed by:

T |4
RSh = (l‘rl_Z * 7) (lV-?)
g=1=— (IV-8)
p dRsp

Where: Rsh is the sheet resistance; d is the film thickness; o is the conductivity; p is the
resistivity; Vis the applied voltage =5mV and I is the measurement current (see Table IV-
8).As the volume increases, it becomes evident that the electrical resistivity also increases,
this increase can be attributed to a reduction in the number of electrons and their mobility.
The Al doped NiO thin film with 15 ml has a minimum the electrical resistivity of
6.9x10%Q.cm (see Table IV-8).

Table 1V-8: Presents the variation of measured current and voltage and the sheet resistance of Al
doped NiO thin films at different NiO: Al volumes.

Samples MeasuredCurrentl|Measured voltage|  Sheet resistance Electrical resistivity
(nA) 4\% R, () p (©.cm)
NiO: Al, 05 ml 0.5 4.5 x10% 6.4 x10°
NiO: Al, 10 ml 0.2 1.1x10! 1.8 x10°
NiO: Al, 15 ml 5.8 5 3.9 x10° 6.9 x10*
NiO: Al, 20 ml 0.715 3.2x10% 6.8 x10°

IV-4-Cu doped NiO thin films:

IV-4-1 structural properties:
Figure 1V.14represents X-ray diffractions of Cu doped NiO films at different NiO: Cu
volumes. We observe that all films are a single crystal and cubic structure (cfc) NaCl

type[20].The XRD spectra obtained corresponded with the joint committee's powder
diffraction system (JCPDS, No. 47-1049).
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FigurelV-13: X-ray diffraction spectra of Cu-doped NiO thin films at different NiO: Cu volumes.

Table 1V-9:Shows the crystal structure of Cu doped NiO thin films as a function of NiO: Cu volume.

Samples Diffraction | FWHM | Crystallite L:rt';lr%zter a Main

p angle 20 (o) ﬁ (o) size D (nm) E)nm) straine
NiO: Cu, 05 ml 3734 0.67 1251 104168 0,00383
NiO: Cu, 10 m 3727 0.96 881 04176 0,00545
NiO: Cu, 15 ml 3714 0.67 1250 | 0,4189 0,00386
NiO: Cu, 20 mi 3743 053 1591 10,4159 0,00301

Figure 1V-14 indicates the variation of the main strain and the crystallite size of Cu doped
NiO thin films prepared at different volumes. As evident from the data presented in Table IV-
9, as the volume increases, the variation in crystallite size is inversely proportional to the

main strain, this can be elucidated by the variation of FWHM.
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Figure 1V-14: The variation of crystallite size and main strain ¢ of Cu doped NiO thin films as
function of NiO: Cu volumes.

IV-4-2-Optical properties:

Figure 1V-15shows the transmittance of Cu-doped NiO thin films at different NiO: Cu
volumes. It is evident that the transmittance for all samples increases rapidly as the
wavelength increases from 300 to 350 nm, and then slowly increases at higher wavelengths.

We can observe height transmittance about 65% to 75% in the visible region.
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Figure 1V-15: The transmission spectra of Cu-doped NiO thin films as function of NiO: Cu volumes.
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Table 1V-10:Shows the average transmittance and Film thickness of Cu doped NiO thin films at
different NiO:Cu volumes.

Samples NiO:Cu,5ml NiO:Cu,10ml NiO:Cu,15ml NiO:Cu,20ml
Average

Transmittance (%) 69.1 67.4 59.5 59.2

400-800 nm

Film thickness (nm) | 113 164 191 192

IV-4-2 -10ptical gap energy:

Figure 1V-16 shows the drawn of values (Ahv)? as a function of photon energy hv of Cu
doped NiO thin films prepared at different NiO: Cu volumes, used for determining the optical band
gap energy.
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20m

(Ahv)’(eV cm™})?

Photon energ,hvu(ev)

Figure 1V-16: The variation of values (Ahv)? as a function of photon energy hv of Cu doped NiO
thin Films at different NiO:Cu volumes.

IV-4-2-2-Urbach energy:

Figure 1V-17illustrates the variation of LnA as a function of the photon energy hv of Cu
doped NiO thin films, Where the Urbach energy was determined by taking the inverse of the
slope of the curve.
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Figure IV-17: The variation of values LnA as a function of photon energy hv of Cu doped NiO

FigurelVV-18gives the variation of the band gap energy and the Urbach energy of Cu doped

LnA

Synthesis of nanostructured of: F doped NiO - Al doped NiO - Cu doped NiO

l . -
3.0 5ml
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T T T T T
1.5 2.0 2.5 3.0 3.5

4.0

Photon energy,hv(ev)

thin films.

NiO thin films at different volumes. The variation of optical energy is inversely related to

Urbach energy, as indicated in Table 1V-11.

Table IV-11: Presents the variation of optical band gap energy and Urbach energy of Cu doped

NiO thin films at different NiO:Cu volumes.

Samples Optical gap energy Eg (eV) Urbach energy Eu (eV)
NiO: Cu, 05 ml 3.49 0.535
NiO: Cu, 10 ml 3.54 0.414
NiO: Cu, 15 ml 3.64 0.358
NiO: Cu, 20 ml 3.57 0.452
3.66 T T T T T T T T T
4 - 0.54
3'64__ L 0.52
3.62 4 -— 0.50
3.60 L 0.8
9 3.58—- - 0.46 %
% 1 [ 0.4 S
0T 3.56 L (i}
1 - 0.42
3547 L 0.40
3.52—_ [ 0:38
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3.48 ] T T T T T T T T T I 0.34
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Figure 1V-18: The variation of optical band gapE, and Urbach energy E;,0f Cu doped NiO thin films

as function of NiO: Cu volume.
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IV-4-3-Electrical properties:
The four-point probe technique was employed to determine the electrical conductivity of Cu

doped NiO thin films, it is based on the measured current, voltage and sheet resistance. The

following equations were used in the calculation:

T |74
RSh = (l‘rl_Z * 7) (lV'g)
1 1

Where:Rgyis the electrical resistivity; d is the film thickness; o is the conductivity; p is the
resistivity; Vis the applied voltage =5mV, and I is the measurement current (see Table V-
12). The Cu doped NiO thin film with 10 ml has a minimum the electrical resistivity of
46Q.cm (see Table 1V-12).

Table IV-12:Presents the variation of measured current and voltage and the sheet resistance of Cu
doped NiO thin films prepared.

Measured Measured . . e
Samples current [ voltage V Sheet resistance |Electrical resistivity

(nA) (mV) Rspn (Q) p (Q.cm)

NiO: Cu, 05 ml 0.164 1.4 x108 1.6 x10°
5

NiO: Cu, 10 ml 8.05 2.8 x10° 442.7
NiO: Cu, 15 ml 0.155 1.5 x10°8 2.9 x10°
NiO: Cu, 20 ml 0.16 1.4 x108 2.7 x103

TablelVV-13presents a comparative analysis of the structural, optical, and electrical
characteristics of both F-doped NiO and Al-doped NiO and Cu -doped NiO thin films. As can
be observed, we achieve a lower crystallite size, good transmittance, and favorable electrical

properties.
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TablelV-13:The comparative study of the structural, optical and electrical properties of F doped NiO
and Al-doped NiO and Cu -doped NiO thin films

Film Sheet
. . . resistance
. . Crystallite | Transmi Optical
Thin films Experimens | thickness size G ttance Band Gap elec(z;ical Ref.
(nm) (nm) (%) Eg (V) resistivity
NiO o 25 e 3.67 18 Qem
2. 10
N!O: 1F% CST=400 °C 35 7540 3.72 2 Qcm [21]
NiO: 5F% - 0.1M 21.9 7540 3,71 14 Qcm
NiO: 10F% ) 0:3 mL/s 13.5 3.72 18 Qcm
NiO 197 41 59 3.865 -
NiO: 1Li% aSPra_V_ 236 59 32 3.744 | 2.403x10°Q
NiO: 2Lioo | SPOSIOR . | 221 31 48 3697 | 119541070 | 1,
NiO: 3Li% 0 1|\_/| 374 45 37 3.738 7.984x105Q
NiO: 4Li% _1'3 mL 435 44 50 3.714 1.386x10°Q
NiO: 5Li% 421 36 47 3.716 1.694x10°Q
NiO 64 3.572 2712 Qcm
NiO: 1Cu% - Spray 37 3.519 589 Qcm
NiO: 2Cu% deposition 51 about 50 3.536 490 Qcm [23]
NiO: 3Cu% -ST=410°C 38 3.461 1106 Qcm
NiO:4Cu% | -0.2 M ) 51 3.473 545 Qcm
NiO: 5Cu% 57 3.467 669 Qcm
NiO, 10ml - Spray 160 18.51 53.6 3.71 1.5x10°Q.cm _
NiO:F, 5ml deposition 110 12.47 83.9 3,54 231 Q.cm | This
NiO:F, 10ml - ST=450°C 112 10.94 85.6 3,562 1.9x10°Q.cm | Wor
NiO:F, 15ml -0.1M 134 14.45 73.8 3,61 3.8x10%Q.cm | Kk
NiO:F, 20ml - F/INi = 5% 140 19.21 78.0 3,51 3.6x10°Q.cm
NiO:Al, 05mI | SP&Y. 142 12.42 66.4 366 | 6.4x10°Q.cm | —pn
g deposition 6 This
NiO: AL, 10ml | ~ ST=450 °C 168 14.24 75.1 3.7 1.8x10°Q.cm Wor
NiO: Al 15ml | ~ =) 178 15.09 53.9 35 7x10*Q.cm K
. - 0. 5
NiO: Al 20ml Al /Ni = 3% 213 13.43 63.0 3.63 6.8x10°Q.cm
Spray
NiO:Cu 05ml | deposition 113 12.51 69.1 3.49 1.6 x10° This
NiO:Cu,10ml | - ST=450 °C 164 8.81 67.4 3.54 442.7 Wor
NiO:Cu,15ml | -0.1M 191 12.50 59.5 3.64 2.9 x10° K
NiO:Cu,20ml | - Cu/Ni = 192 15.90 59.2 3.57 2.7 X103

3%

1\VV-5-Conclusion:

Finally, the structural, optical and electrical properties of F doped NiO and Al doped NiO and
Cu doped NiO thin films were investigated. The thin films of F(Al, Cu)doped NiO were

deposited using the spray technigue at substrate temperature of 450 °C with different NiO:F(Al,
Cu) solution volumes of 5, 10, 15 and 20 ml. All the synthesized NiO thin films exhibit a
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monocrystalline nature with a cubic structure, the (111) diffraction peak is the preferred

orientation.

For F doped NiO thin films, the largest crystallite size is19.21 nm, was achieved with 20 ml.
The optical properties indicate that all the prepared F-doped NiO thin films exhibit good
transmittance, approximately 80%, in the visible region. The F-doped NiO thin films
deposited using 20 ml show a minimum optical bandgap energy of 3.51 eV and the highest
Urbach energy value of 0.689 eV. However, the thin film prepared with 5 ml exhibits a

minimum electrical resistivity of 231 Q-cm, making it suitable for gas sensing applications.

Al doped NiO thin films, the largest crystallite size, which is 15.09 nm, was achieved using
a volume of 15 ml. The optical analysis reveals that all the Al -doped NiO thin films prepared
exhibit well transparency, reaching 60% in the visible region. The Al-doped NiO thin films
deposited using15 ml exhibit a minimum optical bandgap energy of 3.5 eV, with the highest
Urbach energy value recorded at 0.644eV. The thin film, which was prepared using 15 ml,

exhibits a minimum electrical resistivity of 6.9x10* Q.cm.

Cu doped NiO thin films, the maximum crystallite size is 15.91 nm obtained for 20 ml. All
of the Cu-doped NiO thin films prepared demonstrate good transmittance, approximately 70%
within the visible region. The Cu-doped NiO thin films prepared using 20 ml demonstrate a
minimum optical bandgap energy of 3.49 eV, with the highest Urbach energy value recorded
at 0.535 eV. The thin film deposited using 10 ml shows a minimum electrical resistivity of
442.7 Q.cm.
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Chapter V

V-1-Introduction:

Synthesis of nanostructured of: F and Cu co-doped NiO thin films- Al and
F co- doped NiO thin films- Cu and F co-doped NiO thin films

In this work, we deposited F and Cu co-doped NiO and Al and F co-doped NiO and Cu and

F co-doped NiO thin films at different concentrations on glass substrate employing spray

pyrolysis technique, and we examined their structural properties, optical and electrical

properties.

V-2-F and Cu co-doped NiO thin films:

F and Cu co-doped NiO thin films were prepared according the following Table V.1.

Table V.1 illustrates the experimental conditions for the preparation of F and Cu co-doped

NiO thin films.
Sample C(mol/l) F(%) Cu(%) V(ml) T(°C)
1 1
5 0.1 5 3 10 450
3 5

V-2-1 structural properties:

Figure V.1 depicts the XRD spectra of F and Cu co-doped NiO thin films prepared at

various concentrations of Cu (1-3-5%).Our preliminary findings suggest that all the films

exhibited a diffraction peak at 26 = 37corresponding to the (111) plane of the NiO phase,

which possesses a single crystal cubic structure(CFC) NaCl type[1].The XRD spectra

obtained corresponded with the joint committee's powder diffraction system (JCPDS, No. 47-

1049)[2].Spectra show decrease in the intensity of the (111) peak as the level of Cu doping

increases.
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Figure V-1: X-ray diffraction spectra of F and Cu co-doped NiO thin films at different concentrations
of Cu.

They are calculated the structural parameters of thin films of NiO, using the equation of the
lattice constant of NiO (a) of cubic structure (cfc) [3], the size of crystallites (D) at peak (111)
in the wavelength A= (1.54056 A) and the mean stress € use the Scherrer relationship [4].The

structural parameters of F and Cu co-doped NiO films are evaluated and given in Table V.2.

We note an increase in the lattice constant of the crystalline NiO film (see Table (V.2)
below) the doping effect. This behavior could be explained by the variance in the ionic radii
of Cu?* (0.96 A) and Ni?* (0.69 A) when they substitute into the NiO lattice, leading to the

expansion of the NiO crystal, results are reported by other researchers [5, 6].

Table V-2Shows the crystal structure of F and Cu co-doped NiO thin films as a function of
concentration of Cu.

) ) o Lattice ) )

Diffraction Crystallite size Main strain
Samples FWHM B (°) parameter a

angle 20 (°) D (nm) €

(nm)

Cu(1%), 37.43 0.47 17.84 4.1581 0.00269
Cu(3%), 37.25 0.49 17.11 4.1776 0.00279
Cu(5%), 37.22 0.59 14.44 4.1808 0.00336

Figure V-2 illustrates the variation in crystallite size and main strain of F and Cu co-

doped NiO thin films at various concentrations of Cu. As observed, with increasing volumes,
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there is an inverse relationship between the variation in crystallite size and main strain, as
indicated in Table V-2. The maximum crystallite size of 17.84 nm is achieved for Cu (1%),

corresponding to the minimum value of main strain, as shown in Table V-2.
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Figure V-2: The crystallite size D and main strain ¢ of F and Cu co-doped NiO thin films at
different concentration of Cu.

V-2-2-Optical properties:
V-2-2-1Transmittance spectra:

Figure V.3 illustrates the transmittance for F and Cu co-doped NiO thin films at
different doping concentrations in the range wavelength of 300 to 900 nm. From this figure, it
can be observed that all the prepared films exhibit good transparency in the visible region,
with an average transmission value of about 80%.Strong absorption has been noted in the
range of 300-360nm, indicating the fundamental absorption edge of NiO, which arises from
the transition between its valence band and conduction band. The results depicted in Figure

V.3 indicate that the NiO thin films generated are suitable for transparent electronics owing to

their minimal absorbance in the visible region[7, 8].
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Figure V.3: Transmittance spectra of F and Cu co-doped NiO thin films at different doping
concentrations.

Table V.3displays the average transmittance and Film thickness of F and Cu co-doped NiO thin
films as a function of doping concentrations.

Samples Average Transmittance (%) Film thickness (nm)
400-800 nm

NiO: 1% Cu 84.4 115

NiO: 3% Cu 83 117

NiO: 5% Cu 84 183

V-2-2-2-Optical Gap energy:
The optical band gap Eg, was determined by extrapolating the linear segment of the plot
(Ahv)? as a function of (hv) to A = 0 [4], as illustrated in Figure V.4 using the following
equation[9,10]:

A=ad=InT (V.1)

(Ahv)*=C(hv—E,) (V.2)
Where: A is the absorbance, d represents the thickness of the film, T denotes the
transmission of thin films, a is the absorption coefficient values, C stands for a constant, ho

represents the photon energy, and Eg the band gap energy of the semiconductor.
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The optical gap (Eg) by identifying the point where the linear segment intersects the hv
axis, as illustrated in Figure V.4,by utilizing this approach, the band gap values of the thin
films are range from 3.59 and 3.7eV, demonstrating favorable concurrence with NiO's Eg

value (ranging from 3.6 to 4 eV) [11].
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Figure V.4: The variation of (4Av)%as a function of v for F and Cu co-doped NiO thin films
at different doping concentrations.

V-2-2-3-Urbach energy (The Disorder):

The Urbach energy (Eu) is indicative of the disorder present in the film network, as

indicated by the following expression[12]:

A =Ayexp (%)

(V.3)

Where: Ao constant, hv is the photon energy, and E. is the Urbach energy.

Figure (V.5) depicts the plot of LnA as a function of photon energy hv using to determine

the Urbach energy. These curves have been acquired for F and Cu co-doped NiO thin films at

different doping concentrations.
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From the curve, Urbach energy values(Eu) increase by increasing in doping concentrations,
with the lowest value of E,= 395 meV(see TableV.4 ).
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Figure V.5: Variations of LnA as a function of hv of F and Cu co-doped NiO thin films at different
doping concentrations.

Figure V.6 presents the variation of the band gap energy and the Urbach energy of F and
Cu co-doped NiO thin films at different doping concentrations. As observed, with increasing
doping concentrations, there is an inverse relationship between the variation of the optical
energy and the Urbach energy, as indicated in Table V.4. the decreases in the optical band
gap energy can be attributed to the increase in electrical conductivity of NiO thin films with F

and Cu co doped.

TableV.4Shows the variation of optical band gap energy and Urbach energy of F and Cu co-doped
NiO thin films at different doping concentrations.

Samples Optical gap energy Eq (eV) Urbach energy E, (V)
NiO: 1% Cu 3,7 0.395
NiO: 3% Cu 3,67 0.518
NiO: 5% Cu 3,59 0.533
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Figure V.6: The variation of the band gap energy and the Urbach energy of F and Cu co-doped NiO
thin films at different doping concentrations.

V-2-3-Electrical properties:
The electrical conductivity of F and Cu co-doped NiO thin films was determined by four-

point probe technique, the resistivity is calculated in the following relationship:

p = dR; (V.4)
1 1

=—=— V.5

’ p dRsh ( )

Where: p is the resistivity, d is the film thickness, Rsn is the electrical resistivity, o is the

conductivity.

Table V.5presents the variation of the sheet resistance of F and Cu co-doped NiO thin
films at different doping concentrations. As can be seen, as the concentration increases, the
electrical resistivity decrease (see Table V.5),this decrease can be which may be due to the
substitution of Ni*? by Cu*?, creating more acceptor levels. Therefore, the greater electrical
conduction as the Cu doping level increases[13,14].Where, the F and Cu co-doped NiO thin

film with 5%Cu has a minimum the electrical resistivity of 19.7 Q.cm (see Table V.5).
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Table V.5:Shows the variation of the sheet resistance and electrical resistivity of F and Cu

Synthesis of nanostructured of: F and Cu co-doped NiO thin films- Al and
F co- doped NiO thin films- Cu and F co-doped NiO thin films

co-doped NiO thin films at different doping concentrations.

Samples Sheet resistance Rsh Q) Electrical resistivity o (Q.cm)
NiO: 1% Cu 208 x10° 2.4 x10°

NiO: 3% Cu 174 x10° 2x10°

NiO: 5% Cu 1.08x10° 19.7

V-3-Al and F co-doped NiO thin films:
Al and F co-doped NiO thin films were prepared according the following Table V.6.

TableV.6 Shows the experimental conditions of prepared of Al and F co-doped NiO thin films.

Sample C(mol/l) Al (%) F (%) V(ml) T(°C)
1 1
0.1 3 10 450
2 3
3 5

V-3-1-Optical properties:

V-3-1-1-Transmittance spectra:

The optical transmission spectra of Al and F co-doped NiO thin films at different doping

concentrations prepared by spray pyrolysis technique, in the wavelength range between 300

and 900 nm, are depicted in Figure V.7.Wecanobservethatthe samples exhibit good

transmittance (T %), where the average transmission in the visible range about 80% .

Transmission(%)

Figure V.7:Transmittanc spectra of Al and F co-doped NiO thin films at different doping
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Table V. 7:Shows the average transmittance and Film thickness of Al and F co-doped NiO thin films
as a function of doping concentrations.

Samples Average Transmittance (%) 400- | Film thickness (nm)
800 nm

NiO: 1%F 82 122

NiO: 3%F 81.9 123

NiO: 5%F 80.3 129

V-3-1-2- Optical Gap energy:

The optical band gap energy (Eg) of the films can be determined from the transmission
spectra by applying the Tauc law equation[15].For directly allowed transitions, the optical
band can be derived from plotting (othv)? as a function of hv, and then extrapolating the linear
portion of the graph with the energy axis, as shown in Figure V.8.The Eg4 values obtained are
listed in Table V.8. As evident from the table, the optical band gap of NiO thin films varies
between 3.43 and 3.66 eV as the doping concentration changes from 1 to 5%. Variations in
the optical gap energy are closely tied to the existence of energy levels within the material's

band gap, indicating potential alterations in its electronic configuration.

4.0x10%*

=

O

% (F1%)
T 2.0x10™ (F39%)

2 ' (F5%)

<

0.0 : " — K
2 3 4

Photon energ,hv(ev)

Figure V.8:The variation of (4/4v)? as a function of #v for Al and F co-doped thin films
at different doping concentrations.

81



Chapter V Synthesis of nanostructured of: F and Cu co-doped NiO thin films- Al and
F co- doped NiO thin films- Cu and F co-doped NiO thin films

V-3-1-3-The Disorder (Urbach energy):

We used the relationship (V.3) to find Urbach energy values. The Figure V.9 illustrates
LnA as a function of photon energy hv to determine the Urbach energy, its values are
presented in the Table V.8

1
:
1
1x10r !
1

1x10* (F1%0)
(F3%) :
(F5%) |
< 1x10* | :
— — . Pl :
1 - - e < 1
e !
9x10° . |
1
1
:
8x10° |
1
:
7x10° l : l :
2 3 |
1
1

Photon energ,hv(ev)

Figure V.9:The variation of LnA as a function of /v for Al and F co-doped thin films at
different doping concentrations.

Figure V.10 shows the variation of the band gap energy and the Urbach energy of Al and F
co-doped thin films at different doping concentrations. From this figure we observe, as
concentrations the increases, the variation of the optical energy is inversely with the Urbach
energy (see TableV.8) the increases in the optical band gap energy can be attributed to the

decrease in electrical conductivity of NiO thin films with Al and F co doped.

Table V.8 Displays the variation in optical band gap energy and Urbach energy of Al and F co-
doped NiO thin films across different doping concentrations.

Samples Optical gap energy Eq (eV) Urbach energy Eu (eV)
NiO:1%F 3.43 0.52

NiO:3%F 3.6 0.392

NiO:5%F 3.66 0.344
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FigureV.10: the variation of the band gap energy and the Urbach energy ofAl and F co-doped thin
films at different doping concentrations.

V-3-2-Electrical properties:

We use four- point probe technique for to determine the electrical conductivity of Al and F

co-doped thin films at different doping concentrations, using the relationship(V.4) and(V.5) to

calculate electrical resistivity of these thin films.

Table V-9 Shows the variation of sheet resistance and Electrical resistivity of Al and F co-doped thin

films at different doping concentrations.

Samples Sheet resistance Rsh ) Electrical resistivity o (Q.cm)
NiO: 1F% - -

NiO: 3F% - -

NiO: 5F% 1.84 x10® 2.37 x10°

V-4-Cu and F co-doped NiO thin films:

Table V-10 presents the experimental conditions of prepared of Cu and F co-doped NiO thin films.

Sample C(mol/l) Cu(%) F (%) V(ml) T(°C)
1 0.1 3 1
10 450
2 3
3 5
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V-4-1-Optical properties:
V-4-1-1-Transmittance spectra:

Figure V.11 displays the optical transmittance spectra of Cu and F co-doped NiO thin
films at different doping concentrations, which were sprayed, across the wavelength range of
300 to 900 nm. From this graph, the transmission of all samples clearly increases in
wavelength range 320 to 390 nm, it increases gradually at higher wavelengths, and the optical
transmittance of these films decreases as the concentration increases. The spectra exhibit high
transmittance, ranging from approximately 67% to 84%, in the visible region.
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FigureV.11:Optical transmittance spectra of Cu and F co-doped NiO thin films at
different doping concentrations.

Table V.11: presents the average transmittance and Film thickness of Cu and F co-doped NiO thin
films as a function of doping concentrations.

Samples Average Transmittance (%) 400- Film thickness (nm)
800 nm

NiO: 1F% 84.4 115

NiO: 3F% 79.2 130

NiO: 5F% 67.6 163

V-4-1-2-Optical Gap energy:

The optical band gap Eg was determined by extending the linear segment of the plot (Ahv)?
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as a function of (hv) to A =0, refer to Figure V.12 and using the equation(V.1)and(V.2).

Figure V.12 illustrates the variation of (Ahv)? as a function of hv for Cu and F co-doped
thin films at various doping concentrations. The E4 values obtained of Cu and F co-doped thin
films are listed in Table V.12.As can be seen, as the concentration increases, the E4 value
decreases(see Table V.12),this is can be explained by the increase in electrical conductivity.

6x101*

5x10%1

4x101T
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2x10* -

1x10** H

2 ' 3 4
Photon energ,hv(ev)

FigureV.12:The variation of (4/v)? as a function of v for Cu and F co-doped thin films at different
doping concentrations.

V-4-1-3-Urbach energy:
Figure V.13 displays the variation of LnA as a function of photon energy /v, where the

Urbach energy was derived from the inverse of the slope of the curve. The Ey values obtained
are listed in Table V.12.
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Figure V.13:The variation of LnA as a function of v for Cu and F co-doped thin films at
different doping concentrations.
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Figure V.14 shows the variation of the band gap energy and the Urbach energy of Cu and
F co-doped thin films at different doping concentrations. From this figure we observe, as the
concentrations increases, the variation of optical energy shows an inverse correlation with the
Urbach energy (see Table V.12) they can be explained by the enhancement the electrical
properties of NiO thin films.

TableV.12 Shows the variation of optical band gap energy and Urbach energy of Cu and F co-
doped NiO thin films at different doping concentrations.

Samples Optical gap energy Eq (eV) Urbach energy Eu (eV)
NiO:1%F 3.69 0.346
NiO:3%F 3.63 0.381
NiO:5%F 3.5 0.5
0.52
3.70 1 — 0.50
-— 0.48
3.65 B 0.46
;044
3 360 1 -—0.42 o
-— 0.40
3.55 _ 038
-— 0.36
3.50 L
- 0.34

Fconcentration

Figure V.14: The variation of the band gap energy and the Urbach energy of Cu and F co-doped
thin films at different doping concentrations.

V-4-2-Electrical properties:

We used the same previous technique: four- point probe technique to determine the
electrical conductivity of the prepared Cu and F co-doped thin films at different doping
concentrations, using the equation(V.4)and(V.5),and the results were as shown in the
TableV.13. Where, the Cu and F co-doped NiO thin film with F5% exhibits a minimum
electrical resistivity 0f146.7 Q.cm (see Table V.13).
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Table V-13:Shows the variation of sheet resistance and Electrical resistivity of Cu and F co-doped
thin films at different doping concentrations.

|
Samples Rsh @ P (Q.cm)
NiO: 1%F 1.74 x10° 2.001 x10°
NiO: 3%F 1.64 x10° 2.132 x10°
NiO: 5%F 9 x10° 146.7

V-5-Conclusion:
In this chapter, we analyzed the properties of F and Cu co-doped NiO and Al and F co-

doped NiO and Cu and F co-doped NiO thin films thin films, which were doped at various
levels (1%, 3%, and 5%). The thin films were deposited on glass substrate by spray technique

at a substrate temperature of 450 ° C.

F and Cu co-doped NiO thin films
*» The maximum crystallite size is 17.84 nm obtained for 1%Cu and 5%F.

« All the F and Cu co-doped NiO thin films prepared exhibit good transmittance,
approximately 80%in the visible region.

* The F and Cu co-doped NiO thin films deposited with 5% Cu and 5% F exhibit a
minimum optical gap energy of 3.59 eV, with the biggest value of Urbach energy is 0.533
eVv.

* The thin film prepared with 5%Cu and 5%Fexhibits a minimum electrical resistivity of
19.7 Q.cm.

Al and F co-doped NiO thin films
« We can observe that all samples have a good transmittance (T %), where the average

transmission in the visible range about 80%.

» The Al and F co-doped NiO thin films deposited with 3%Al and 1% F exhibit lowest
optical gap energy of 3.43 eV, with the maximum Urbach energy value recorded at 0.
52eV.

Cu and F co-doped NiO thin films
« All of the Cu and F co-doped NiO thin films have a good transmittance, was varied from

67 to 84 % within the visible region.

 The Cu and F co-doped NiO thin films prepared with 5%F and 3%Cu exhibit a minimum
optical gap energy of 3.5 eV, with the highest value of Urbach energy is 0.5 meV.

*« The Cu and F co-doped NiO thin films prepared with 5%F and 3%Cu exhibits a

minimum electrical resistivity of 146.7 Q.cm.
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General conclusion:
In this thesis work we have developed and characterized thin films of pure NiO

for different volumes, and doped by Cu, Al and F as well as co-doped by the pyrolysis

spray technique (pyrolysis) on glass blade substrates.

To gather comprehensive information about our samples, we conducted
multiple characterizations. The structural analysis involved utilizing XRD to examine
the layers. Additionally, optical and electrical assessments were performed using UV-
Visible spectroscopy and the four-point method.

On the other hand, enhancing various physical attributes of NiO thin films such
as transparency, conductivity, and defect structure can be achieved through the
incorporation of metal elements via doping. This study aims to investigate the impact
of doping with copper (Cu), aluminum (Al), and fluorine (F), as well as co-doping of
these elements, on the structural, optical, and electrical properties of NiO thin films

fabricated using the pyrolysis spray method.

NiO thin films:
« The X-ray diffraction analyses reveal that the NiO films possess a

nanocrystalline structure, exhibiting a strong preferred orientation along the
(111) plane.

» The minimum crystallite size, measuring 15.08 nm, was recorded for the film
deposited with 20 ml.

« An average transmittance of approximately 70% was noted across all NiO thin
films.

» These films exhibit a range of band gap energies, spanning from 3.59 to 3.76
eV, with the lowest value observed at 20 ml deposition.

e The NIO thin film prepared with 20 ml exhibited a maximum electrical
conductivity of 0.06527 (Q.cm) .

F doped NiO thin films
« A maximum crystal of 19.21 nm was achieved using a volume of 20 ml.

« All the prepared F-doped NiO thin films show good transmittance, around
80% in the visible region.

* The F-doped NiO thin films deposited with 20 ml exhibit a minimum optical band
gap energy of 3.51 eV and the highest Urbach energy value of 0.689 meV.
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* The thin film prepared with 5 ml shows a minimum electrical resistivity of 231

Q.cm.

Al doped NiO thin films
» The largest crystallite size, which is 15.09 nmfor15 ml.

* The entire Al -doped NiO thin films prepared exhibit well transparency,
reaching 60% in the visible region.

* The Al -doped NiO thin films deposited with 15 ml exhibit minimum optical
gap energy of 3.5 eV, with the highest Urbach energy value recorded at
0.644meV.

* The minimum electrical resistivity of 7x104 Q.cm for the thin film which was
prepared using 15 ml.

Cu doped NiO thin films
» The maximum crystallite size is 15.91 nm obtained for 20 ml.

« All of the Cu-doped NiO thin films prepared demonstrate good transmittance,
approximately 70% in the visible region.

» The Cu doped NiO thin films prepared with 20 ml have minimum optical gap
energy of 3.49 eV and the highest value of Urbach energy is 0.535meV.

» The thin film deposited using 10 ml exhibits a minimum electrical resistivity
0f442.7 Q.cm.

F and Cu co-doped NiO thin films
« The maximum crystallite size is 17.84 nm obtained for 5%Cu and 5%F.

« All the prepared F and Cu co-doped NiO thin films exhibit good
transmittance, approximately 80%, in the visible region.

e« The F and Cu co-doped NiO thin films, deposited with 5% Cu and 5% F,
demonstrate a minimum optical band gap energy of 3.7 eV, with the largest
Urbach energy value being 0.395 meV.

e The thin film prepared with 5%Cu and 5%F has a minimum electrical

resistivity of 19.7 Q.cm.

Al and F co-doped NiO thin films
« We can observe that all samples have a good transmittance (T %), where the

average transmission in the visible range about 80% in the range of (300- 360

nm)
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General conclusion

* The Al and F co-doped NiO thin films deposited with 5%Al and 3%F exhibit
maximum optical gap energy of 3.66 eV, with the lowest Urbach energy value
recorded at 0.644 meV.

« The Al and F co-doped NiO thin films have a good electrical resistivity.

Cu and F co-doped NiO thin films
» All of the Cu and F co-doped NiO thin films have a good transmittance, was

varied from 67 to 84 % within the visible region.

« The Cu and F co-doped NiO thin films prepared with 5%F and 3%Cu have
minimum optical gap energy of 3.5 eV and the highest value of Urbach energy
is 0.5 meV.

» The Cu and F co-doped NiO thin films prepared with 5%F and 3%Cu exhibits

a minimum electrical resistivity of 146.7 Q.cm.
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ABSTRACT

Abstract:

This thesis aimed to elaborate and characterize Nickel Oxide (NiO) thin films
through the spray pyrolysis technique, employing a 450°C heated glass substrate. To
investigate and optimize the conditions for spray deposition, we examined the impact of
preparative parameters such as the volume of the sprayed solution on the structural,

optical, and  electrical properties  of  undoped NiO  thin  film.

Moreover, to augment certain attributes of NiO materials, incorporating dopants is an
effective method for altering various physical properties such as transparency and
conductivity. In this research, thin films of nickel oxide doped with copper (Cu), aluminum
(Al), and fluorine (F) were prepared, we also prepared thin films of nickel oxide co-doped
slices using the former elements with different concentrations, using the spray pyrolysis

technique.

In the last part, the results obtained were presented and discussed by studying the
physical properties of NiO's prepared thin films. These films were analyzed by DRX,

UV-Visible, 4-point method.

Keywords: NiO thin films; Cu; Al; F; Spray Pyrolysis; X-ray diffraction.
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Abstract

The main objective of this work is to investigate a new material based on fluorine doped NiO thin films by spray
deposition technique. Nickel nitrate hexahydrate Ni(NO3),.6H,0 and ammonium fluoride (NHF4) with a ratio of F/Ni =
0.04 were used to prepare F doped NiO. The structural, optical and electrical properties of F doped NiO thin films were
investigated with different NiO:F solution volumes of 5, 10, 15 and 20 ml using the spray technique. The prepared F
doped NiO thin films have a monocrystalline nature with a cubic structure; the (111) diffraction peak is the preferred
orientation; the maximum crystallite size is 19.21 nm obtained for 20 ml. The optical property shows that the all the
prepared F doped NiO thin films have a good transmittance of about 80 % in the visible region. The F doped NiO thin
films deposited with 20 ml have a minimum optical gap energy of 3.51 eV and the highest value of Urbach energy of
0,689 meV. However, the thin film prepared with 5 ml has a minimum electrical resistivity of 231 Q.cm, which can be
used as a gas sensing.

Keywords: F, NiO, thin films, spray deposition technique, monocrystalline structure.

1. Introduction

Recent research shows that semiconductor metal oxides
are essential compounds for the development of ultrahigh
frequency devices, photocatalysis, optoelectronics, gas
sensors, lithium ion microbatteries and cathode materials
for alkaline batteries [1-3]. However, nickel oxide (NiO)
is a direct large-gap (3.6-4.0 eV), semi-transparent p-type
semiconductor material with a wide range of applications,
represented by gas sensors, ultraviolet photo detectors,
dye-sensitizers, photocatalysis, photovoltaic coatings, and
lightweighting [1-6], the structural components in
aerospace, in ceramic structures, counter electrodes and
the anode layer of solid electrode oxide fuel cells [2-9].
On the other hand, nickel oxide has a cubic structure and
NiO has a good transparency in the thin film [10-12].
NiO has recently focused on doping NiO with transition
metals (TMs) such as Cu [2], Na [3], Zn [4], V [6], Mn
[10], Al, Ga, In [12], Li [13], Ag [14], Mg [15], Co [16],
and Mo [17] in cooperation with Ni to increase electrical
conductivity. However, there is a new doping effect on
optical properties; which is fluorine doped NiO thin films.
The F doping can be used to increase the transmission and
to increase the movement of F in the NiO:F.

The aim of this work is to study F doped NiO thin films
with the help of organic solar cells for electrical energy
harvesting. The organic solar cells consisted of an inner
mirror layer inside (ITO glass) and a substrate holder. F
doped NiO thin films can be deposited on a glass substrate
by the spray pneumatic method with different volumes of
5, 10, 15 and 20 ml of the NiO:F mixture. The F doped
NiO thin films were characterised by various methods,
including X-ray diffraction, UV-vis spectrophotometry,
and four-point techniques.

2. Experiments

The prepared solution of NiO was dissolved by 0.10
mol.I'" of nickel nitrate hexahydrate Ni(NOs3),.6H,O
(industrial powder with 99 purity) and ammonium
fluoride (NHF4) (industrial powder with 97 purity) with
the ratio of F/Ni=0.04, the mixture powder was dissolved
in the same volumes absolute of water H,O, we have
added drops of HCI solution for stabilisation.



164 M Mammi, S Benramache, Y Aoun, and A Sbaihi

//‘ = ' /- ;:,"" : " . Lo
Figure 1. A photograph of the experimental setup for the
deposition of F-doped NiO thin films.

The mixture solution was stirred and heated at 45°C until
a time of 4 h to transparent solution. F doped NiO thin
films were sprayed onto the heated glass substrates at 450
°C with different solution volumes using the organic solar
cells, and the volumetric spray rate was 0.1 ml/s. The
structure of the spray deposition system and the fabricated
organic solar cells are shown in figurel. In this work, we
used a digital display thermocouple (C100FK02 - M*AN)
to determine the temperature, which it determined
between 400 and 600 °C. However, the direct calcinations
of Ni(NO3), 6H,O follows the reaction as:

2Ni(NO3), 6H,0 = 2Ni + 4NiO, + 4 NO, + 0, +
12H,0, 1)
The thin films of F doped NiO were characterised by
different techniques to find the crystalline structure,
optical transmission and electrical conductivity, which it
are the respectively the X-ray diffraction (XRD Bruker
AXS-8D with A = 0.15406 nm), spectrophotometer (UV-
Lambda 35 with 300-900 nm of wavelength), and the four
point techniques of the instrument Keithley Model 2400
Low Voltage Source Meter instrument.

3. Results and discussion

Figure 2 shows the crystal structure of F-doped NiO thin
films prepared at different NiO:F solution volumes of 5,
10,15 and 20 ml and NiO at 10 ml.
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Figure 2. The results of X-ray diffraction spectra of undoped
and F-doped NiO thin films at different NiO:F volumes.
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Figure 3. The results of crystallite size D (111) and main strain
& of F undoped and doped NiO thin films at different NiO:F

volumes.

As a first result, we have found that all the films exhibited
a diffraction peak at 20 = 37 related to the (111) plane of
the NiO phase, which is a single crystal cubic structure. It
can be seen that the thin film of F doped NiO deposited
with 20 ml has a good crystal structure showed for a
highest and strong peak, which confirm that the increase
in the deposition volume can be improve the crystalline
quality of F doped NiO thin films.

The crystal structure of F-doped NiO thin films
represented by crystallite size D (111) and main strain &
was calculated using the following equations [16-18]:

Do 094 ’ ®
pcosd
B
- ) 3
¢ 4tan @ ¥

where D is the crystallite size, A is the X-ray wavelength
(A = 1.5406 A°), B is the full width at half-maximum
(FWHM), and 0 is the angle of diffraction peak and & is
the main strain.

Figure 3 shows the variation of the crystallite size and the
main strain of F doped NiO thin films at different
volumes. As can be seen, as the volumes increases, the
variation of the crystallite size is inversely with to the
main strain (see Table 1), which is can be explained by
the variation of the FWHM.
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Figure 4. The results of the transmission spectra’s of undoped
and F doped NiO thin films at different NiO:F volumes.
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Figure 5a. The typical variation of values (44y)? as a function

of photon energy Ay of F doped NiO thin films deposited at
different NiO:F volumes, used to determine the optical band gap
energy.

Table 1 Shows the crystal structure of F doped NiO thin films representing of the diffraction angle, FWHM, the crystallite sizes, the
lattice parameter @ and main strain of the (111) plane of undoped and F doped NiO thin films as a function of NiO:F volume.

Samples Diffraction angle 260 (°) | FWHM ﬂ (°) | Crystallite size D (nm) | Lattice parameter @ (nm) Main strain &
NiO, 10 ml 37.37 0.54 18.51 0,44144 0.00308
NiO:F, 05 ml 37,21 0,80 12.47 0,442662 0,00459
NiO:F, 10 ml 37,09 0,91 10.94 0,44205 0,00525
NiO:F, 15 ml 37,15 0,69 14.45 0,44032 0,00397
NiO:F, 20 ml 37,32 0,52 19.21 0,43982 0,00298
Table 2 Shows the average transmittance and Film thickness of undoped and F doped NiO thin films as a function of NiO:F volume.
Samples NiO, NiO:F, NiO:F, NiO:F, NiO:F,
10 ml 05 ml 10 ml 15 ml 20 ml Glass
Averagzg(;f‘gggngime ) 53.6 83.9 85.6 73.8 78.0 98
Film thickness (nm) 160 110 112 134 140 /
Where, the maximum crystallite size is 19.21 nm obtained A=od =-InT, 4)
for 20 ml, this is can be explained by the homogeneous in 2
the surface and coalescence, which it’s corresponded in (4hv)” = B(hv-E g) ’ ®)

the minimum value of lain strain (see table 1). However,
the undoped NiO thin film has a main strain of 0.00308
and a crystallite size of 18.51 nm.

The optical properties of undoped and F doped NiO thin
films were represented by the transmission spectra in the
range of 300 to 900 nm of wavelength. Figure 4 shows the
variation of the transmission of the deposited thin films at
different NiO and NiO:F volumes. As the NiO:F volume
increased, the transmission was decreased due to the
increase in the film thickness. However, the prepared F
doped NiO thin films have a good transmission is about
80 % in the visible region due to the fluorine doping (see
table 2). The transmittance of 20 ml (78%) high then the
15 ml (73.8%) due to the crystallinity of the film .The
region exist between 300 and 400 nm, it is the region of
strong absorption, heir the transmission of F doped NiO
decreased due to the excitation and the migration of the
electrons from the conduction band to the valence band.

The optical band gap energy of the thin films of undoped
and F doped NiO was calculated from transmission
spectra, which it was applied the following equations [18-
20].

where E, the optical band gap energy; A is the

absorbance, d is the film thickness; T is the
transmission spectra of thin films; ¢ is the absorption
coefficient values; B isaconstantand A0 is the photon
energy. It was found by the extrapolating the curve of

(Ahv)* vs ho at A =0 [21], which the variation was
indicated in figure 5a, show the drawn of the (Ah V)’ as

a function of AU of F doped NiO thin films. However,
the Urbach energy of F doped NiO thin films has been
determined by the following expression [21,22]:

ho
A= 4, eXP(E—M) : (©)

where A, is a constant and £ is the Urbach energy,

Figure 5b shows the variation of the drawn of LnAas a

function of the photon energy /A , where the Urbach
energy was deduced by the inverse of the slope of the
curve.



166 M Mammi, S Benramache, Y Aoun, and A Sbaihi 1JPR Vol. 23, No. 3

12,0 3,72 0,75
' [em— -—E i0)= 3,71 eV
5ml 3.70] g (NIO) —"
e 10 M 9 10,70
11,51 15 ml E “l_(Alna/AhvY! — 3,684 —e—E, S

"7 e 20 Ml J~o =(4lna/Ahv) > 3.66] L0,65 =
2 364] A/\, Lo60 <
o 3,62 >
c - >
@ 3,604 0,55 &
= L c
< 3,58 o
B 3,561 0% =
S, b
O 354 - 045 8
>

3,52 \/E . Y o040

3,50 ~
3.48 Eu (Ni0)= 362€V — =135
9,5 T it T T

T

26 28 30 32 34 36 38
Photon energy, hv (eV)

10 15 20
F Doped NiO Volume (ml)

o

Figure 6. The results of optical band gap £/ and Urbach
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of photon energy 1V of F doped NiO thin films deposited at energy E, of F doped NiO thin films at different NiO:F
different NiO:F volumes, used to determine the Urbach energy. volumes.

Table 3. Shows the optical properties such as the variation of optical band gap energy and Urbach energy of undoped and F doped NiO
thin films as a function of NiO:F volume.

Samples Optical gap energy < (eV) Urbach energy QY
NiO, 10 ml 3.71 0.362
NiO:F, 05 ml 3,54 0,609
NiO:F, 10 ml 3,52 0,595
NiO:F, 15 ml 3,61 0,394
NiO:F, 20 ml 3,51 0,689

Table 4. Shows the electrical characterisations such as the variation of measured current and voltage and the sheet resistance of F
doped NiO thin films as a function of the NiO:F volume.

Samples Measured Current { | Measured voltage V Sheet resistance Electrical resistivity
(nA) (mV) RS (%) P (Q.cm)
S
NiO, 10 ml 0.011 1.1x10'0 1-5x107 .cm
NiO:F, 05 ml YooA 2.1x107 231 Q.cm
NiO:F, 10 ml ARE 5 1.7x10° 1.9x10° Q.cm
NiO:F, 15 ml A 2.8x10° 3.8x10° Q.cm
NiO:F, 20 ml AV 2.6x10° 3.6x10° Q.cm
Table 5. The comparative study of the structural, optical and electrical properties of undoped and F doped NiO thin films.
N . Film thickness Crystallite Transmittance Optical Band Sheet resistance or .
Thin films Experiments (nm) size G (nm) (%) Gap Eg (eV) electrical resistivity Ref.
NiO " Solflzfm 25 75 3.67 18 Qem
NiO: 1F% STp:400 o 35 75+1 3.72 2 Qem 23]
NiO: 5F% ) 0.1M 21.9 7542 3,71 14 Qcm
NiO: 10F% ) (_) 3.mL/s 13.5 7542 3.72 18 Qcm
NiO Spra 197 41 59 3.865 -
NiO: 1Li% d- pitiyn 236 59 32 3.744 2.403x10° Q
NiO: 2Li% ) sip:OZo;"c 221 31 48 3.697 1.195x107 Q [24]
NiO: 3Li% 01M 374 45 37 3.738 7.984x10° Q
NiO: 4Li% 13' mL 435 44 50 3.714 1.386x107 Q
NiO: 5Li% ) 421 36 47 3.716 1.694x10” Q
NiO 64 3.572 2712 Qecm
NiO: 1Cu% - Spray 37 3.519 589 Qcm
NiO: 2Cu% deposition 51 3.536 490 Qcm
NiO: 3Cu% -ST=410°C ; 38 about 50 3.461 1106 Qcm [25]
NiO: 4Cu% -02M 51 3.473 545 Qcm
NiO: 5Cu% 57 3.467 669 Qcm
NiO, 10ml - Spray 160 18.51 53.6 3.71 1.5x10° Q.cm
NiO:F, 05ml deposition 110 12.47 83.9 3,54 231 Q.cm This
NiO:F, 10ml - ST=400 °C 112 10.94 85.6 3,52 1.9x10% Q.cm Work
NiO:F, 15ml -0.IM 134 14.45 73.8 3,61 3.8x10° Q.cm
NiO:F, 20ml - F/Ni = 4% 140 19.21 78.0 3,51 3.6x10° Q.cm
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Figure 6 shows the variation of the band gap energy and
the Urbach energy of newly deposited F doped NiO thin
films at different volumes. As can be seen, as the volumes
increases, the variation of the optical energy is inversely
with the Urbach energy (see table 3). The film deposited
with 20 ml has a minimum optical energy and maximum
Urbach energy, this is can be explained by the increased
movement of F in the NiO:F, and the corporation between
F and O and thus there is an increase in the substitutional
site. However, the undoped NiO thin film has a highest
the optical energy of 3.71 eV and a minimum the Urbach
energy of 0.362 eV (see Table 3).

The electrical conductivity of F doped NiO thin films was
determined by four- point probe technique, it is based on
the measured voltage, current and sheet resistance
expressed by:

1( oV
R, =—| —*—|, 7
o d(ln2 Ij @)
0'—l——1 ()
p dRsh’

where R, is the electrical resistivity; d is the film
thickness; O is the conductivity; o is the resistivity; V

is the applied voltage =5V and [ is the measurement
current (see Table 4). As can be seen, as the volume
increases, the electrical resistivity increases from 5 to 15
ml (see table 4), this increase can be explained by the
decrease in the number of electrons and mobility, leading
to a p-type semiconductor. However, the undoped NiO

thin film has a highest electrical resistivity of 1.5x10°
Q.cm and the F doped NiO thin film with 5 ml has a
minimum the electrical resistivity of 231 Q.cm (see Table
3).

The comparative study of the structural, optical and
electrical properties of undoped and F doped NiO thin
films are presented in Table 5, as can be seen, we have a
lowest crystallite size, good transmittance and good
electrical property.

4. Conclusion

In the conclusion, the structural, optical and electrical
properties of undoped F doped NiO thin films were
investigated. The thin films of F doped NiO were
deposited by spray technique at substrate temperature of
450 °C with different NiO:F solution volumes of 5, 10, 15
and 20 ml. The prepared F doped NiO thin films have a
monocrystalline nature with a cubic structure, the (111)
diffraction peak is the preferred orientation, the maximum
crystallite size is 19.21 nm obtained for 20 ml. The optical
property shows that the all the prepared F doped NiO thin
films have a good transmittance which is about 80 % in
the visible region. The F doped NiO thin films deposited
with 20 ml have minimum optical gap energy of 3.51 eV
and the highest value of Urbach energy is 0,689 meV.
However, the thin film prepared with 5 ml has a minimum
electrical resistivity of 231 Q.cm, which can be used as a
gas sensing.
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	GENERALINTRODUCTION
	The field of thin films is an ancient but very important field of study, seeing many modifications and prompting significant research efforts in recent years across diverse technological sectors to meet a growing range of requirements.
	Transparent and conductive oxides (TCOs) thin films are significant materials as they possess dual attributes: transparency and electrical conductivity in the visible range [1]. Transparent Conductive Oxides are predominantly composed of metal oxides,...
	Lately, there has been an increasing interest in the study of materials (TMOs) in fundamental research, primarily due to their diverse physical applications. These applications span various fields including renewable energies, microelectronics, and na...
	Several methods were employed for the deposition of NiO thin films, such as reactive sputtering [17], chemical vapor deposition [18], and the sol-gel technique [19]. Out of these methods, we opted for the pyrolysis spray technique due to its simplicit...
	The thesis consists of five chapters, structured as follows: commencing with the general introduction, the chapter I presents an overview of transparent conductive oxides (TCOs) and their applications across various fields. Additionally, it includes a...
	Chapter II introduces several experimental techniques for producing thin films. Subsequently, the experimental apparatus employed is described. This includes the pyrolysis spray technique and the preparation of sample solutions. Various characterizati...
	Chapter III discusses the experimental results obtained and delves into the synthesis of our undoped NiO films of varying volumes, examining their structural, optical transparency, and electrical conductivity properties.
	Chapter IV focuses on discussing the experimental findings concerning F doped NiO and Cu doped NiO and Al doped NiO and of thin films, which were deposited using varying volumes.
	Chapter V presents the results obtained for F and Cu co-doped NiO and Al and F co-doped NiO and Cu and F co-doped NiO thin films at different concentrations. Finally, we will conclude this thesis with a general conclusion and perspectives.
	References:
	II-1-Introduction:
	In this chapter, our focus is specifically on the technique of depositing thin films using the spray pyrolysis method. It is a relatively simple alternative that uses traditional and inexpensive means[1].Its implementation is locally feasible. we will...
	It is one of the chemical methods and we will adopt it in our work. Which was the first to utilize this method in1956, they used a selective surface to create a black copper membrane on an aluminum substrate[2].
	A solution of different reactive compounds is vaporized and then projected, using an atomizer, on a heated substrate. The temperature of the substrate allows the activation of the chemical reaction between the compounds[3].The experiment can be perfor...
	The choice of this technique was motivated by many advantages:
	• Possibility to deposit a wide choice of materials.
	• Simple method of adding the precursor by means of a spray.
	• The thin films prepared by this technique are of (good quality, very inexpensive and economical, fast and simple, industrializable).
	• It allows to control the chemical composition of the material you want to obtain.
	• Several products can be used at once, especially for doping[5].
	It is a composition made in the Technological Hall of the Department of Mechanical Engineering of the University of El-Oued. The latter is built from simple devices to which    certain modifications have been made in order to achieve homogeneous fi...
	Figure II.1: Thin film deposition device by spray technique[6].
	The main elements of this composition are:
	 A reflector: It is a satellite receiver dish covered by a hundred small mirror surfaces that cover the inner surface of the reflector. Mirrors should have their bright side facing the sun.
	 A substrate holder: It is a plate,15 cm long, heated by solar energy, whose temperature can be manually regulated using a millimeter.
	 Atomizer: is an element that transforms the solution into droplets. It is placed on a height-adjustable support to control the distance between the spout and the substrate.
	  Air compressor: It is a device that provides pressure to the atomizer in order to operate it.
	In this solar composition, the reflector is facing the sun, using a controlled tracking system. It is redirected to the position of the sun from sunrise. The solar rays are reflected at the focus of the parabolic forming the sunspot which should appea...
	We used a digital millimeter (AITAV-4ME05781) with the following characteristics(Figure II.3):
	 Model (AITAV-4ME05781).
	 Power supply; one battery (9 V).
	 Operating range: -20à1000 C.
	Figure II.3: Photo of Used Digital Millimeter(AITAV-4ME05781).
	To measure the temperature reached on the oven surfaces, the millimeter probe is placed on the receiver surface (Figure II.4):
	Figure II.4: Position of the millimeter probe.
	The substrate choices are important to perform characterization on the layer using glass of the substrate to study structural and optical properties. The substrates used are glass blades their dimensions(7.62x2.54)cm2with thickness equal to 2 mm, cut ...
	 Adapts well for its transparency, it allows a good optical characterization of films.
	 And its significant theoretical dilation coefficient giving a good adhesion of the deposited layers.
	FigureII-5:Glass substrates.
	The quality of the deposit depends on the cleanliness and the state of the substrate. Cleaning it is therefore a very important step:all traces of grease and dust must be removed and checked by eye the surface of the substrate is free of scratches an...
	The substrate surface cleaning process is carried out as follows:
	 Substrates are cut using a diamond-tipped pen.
	 Rinse with distilled water.
	 Wash substrates in methanol to remove grease and impurities stuck to the surface of the substrate then they are cleaned in a distilled water bath.
	 Rinse with distilled water for 10 min.
	 Drying Substrates with paper, avoid touching the surface of the substrate to avoid contamination.
	FigureII-6: Preparation of nickel oxide.
	In the Table II.1 below, they recapitulate the experimental parameters of the work of undoped NiO.
	Table II.1: Experimental parameters of the work of undoped NiO.
	In Table II.2 below, the experimental parameters of Al, Cu and Fdoped NiO.
	Table II.2: Experimental parameters of the work of Al, Cu and F doped NiO.
	Following preparation of the solution and substrate, by employing the chemical thermal spraying technique, we start the deposition process directly by following these procedures:
	 The substrate is positioned atop the substrate holder within the focal point of the solar oven. To prevent substrates from experiencing thermal shock, the substrate holder is heated gradually from room temperature to the temperature chosen for the d...
	 When heated, the compressor pressure is fixed, thus the flow rate of the spray solution. Very fine droplets are sprayed on the heated substrate using the air brush, activation of the chemical reaction between the compounds, the solvent evaporates du...
	 Following the completion of the deposition process, heating is halted, and the substrate is left to cool on the substrate holder until it reaches room temperature, to avoid thermal shocks that may break the glasses, then we get our sample back.
	After the films were deposited, it is necessary to perform different characterizations, the undoped, doped and co-doped NiO thin films were analyzed by different characterization techniques.
	This technique is a structural characterization method based on the phenomenon of X-ray diffraction on a crystalline material(Figure II-7 and 8), and it is fundamental and very important when evaluating thin films and to know the crystal stru...
	Thin films were characterized using various analytical techniques. The XRD diffractogram was obtained by a DRX Rigaku-MiniFLex600 system (and PROTO) with a Cu-Ka radiation source of λ=0.15406 nm in the range of 30 –90 . Objective is to investigate ...
	Scanning area in ( ) 2 ϴi:30, 2 ϴf:90
	Step in ( ): 0.002
	Figure II.7: Schematic illustration of X-ray diffractometer & the exraction of the full width at half maximum (β beta) from X-ray diffraction peak.
	Equations provided by Bragg's law are used to calculate the lattice parameters for the unit cell of the phase that is present. The absence of reflection peaks indicates that the material is amorphous [8]:
	2,d-hkl.,sin-θ.=nλ    (II.1)
	Where:
	,d-hkl.the spacing between the planes in the atomic lattice.
	θ is the angle between the incident ray and the scattering planes.
	n is an integer.
	λis the wave length of the incident wave.
	Figure II.8: Simple diagram representing the family of crystalline planes in Bragg condition [8]
	The following formula (II.2 and 3) is used to find the cubic lattice parametera of nickel oxide thin film [9,10]:
	,1-,d-hkl-2..=,,h-2.+,k-2.+,l-2.-,a-2..  (II.2)
	a=,d-hkl.,,h-2.+,k-2.+,l-2.. (II.3)
	From the diffraction spectra, it is possible to calculate the approximate grain size using the Debye-Scherrer relationship[11]:
	D=,0.9λ-,β,cos-θ...                       (II.4)
	The domains of spectroscopy are generally distinguished according to the wavelength interval in which the measurements are made. The following areas can be distinguished: UV-visible, UV-visible-near infrared, infrared and microwave. In our case,...
	Optical methods can characterize many of the parameters, this method allows determination of the absorption coefficient, the optical gap, refractive index and film thickness, the energy of Urbach.
	a-Determination of the optical gap:
	NiO material has a direct gap. Therefore, the absorption coefficient as a function depending on the optical gap and energy (hʋ) of photons is written in the form (Tauc equation) [14]:
	In the pyrolysis spray deposition method, the growth of the film is by thermal     decomposition of a precipitate, at the substrate level, resulting from the vaporization of droplets. In this situation, the material that is formed contains differ...
	We observe what are called localized states in the band-gap which appear in bands at the borders of the valence and conduction bands. For energies higher than EC and lower than EV, are the extended states. When disorder becomes too great(for exampl...
	Paint lnα according to hʋ Figure. II.14, we can access the value of Eu=E00. By calculating the logarithmic slope, 1/E00, in this region, the disorder of films𝐸00, taking the opposite of this slope, can therefore be deducted.
	To know directly the surface resistance RS, we used a four-point probe device. The probe consists of four contacts aligned and evenly spaced the figure(Figure. II.16). A source provides a current I flowing through the external borders. The voltage...
	In our work, we applied an electrical voltage U = 5mV between the internal probes, and we measured the current I passing through the external probes. The sheet resistance of the thin layers is given by the formula[20]:
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