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General Introduction 

Although it is an old project, the field of thin films has undergone significant changes 

and has sparked significant research efforts in recent years across several technological 

domains in order to address a collective need that are growing more and more. 

Transparent and conductive oxides (TCOs) in thin films are important materials for 

their dual properties of electrical conductivity and transparency in the visible wave range [1]. 

Also semiconducting metal oxide compounds, such TiO2, CuO, ZnO, and NiO, have garnered 

significant attention from both the academic and industrial communities and have been the 

focus of extensive research efforts in recent years. When compared to their equivalent micro 

and macro forms, these materials show an interesting shift in their characteristics at the 

nanoscale form. In addition to their uses as protective coatings or intelligent catalyst beds, 

TCOs are found in several kinds of solar cells [2]. They are employed as transparent 

electrodes and can be used in any kind of cell by employing polymers as active couches 

(active junctions) [3].  

 Nickel oxide (NiO) is a wide band gap semiconductor material (Eg=4.00eV) that 

belongs to the OCT p-family. Nickel oxide thin films have garnered more attention recently 

due to their high chemical stability, non-toxicity [4], its electrical, magnetic, and optical 

properties [5] additionally, because to their prospective applications in solar cells[6], full 

cells[6], electrochemical capacitors[7,8], gas sensors[9] and electrical devices [10]. 

Many methods can be used to prepare nickel oxide thin films, including spray 

pyrolysis [12] RF sputtering [11], pulsed laser deposition [13], and the sol gel spin coating 

process, which is one of the most popular techniques; it stands out for a variety of reasons, 

such as its low cost, environmental friendliness, and adjustability, safety, simple deposition 

equipment on a large-area films with uniform thickness. [14]. 

The ab initio methods [15] have been widely used for more than a decade. The 

majority of these methods require continuous updates to adapt to the speed and memory 

capacity of the calculator. Ab-initio calculations are powerful tools for predicting and 

studying new materials under various circumstances where the experience is nearly 

impossible to have, possibly even dangerous, harmful, or polluting.  
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Nickel oxide presents an important challenge for theoretical studies although being 

very simple to prepare experimentally due to its incomplete d shell, which creates a strong 

interatomic correlation and poses difficulties to DFT theory which bases on simplifying the 

many body problem into non-interacting one particle problem by  that the valence electrons 

are delocalized, and neglects the interatomic correlation caused by the ionic core, thus the 

DFT theory predicts metallic characteristics for NiO [15]. To overcome this limitation, there 

are numerous theories, including GW approximation [16, 17], hybrid density functional like 

B3LYP [19], Hartree-Fock (HF) [20], self-interaction corrections (SIC) [18] and DFT+U 

[20], Have been developed. By incorporating on-site Coulomb repulsion and exchange 

interactions between 3d electrons into the DFT Hamiltonian [21]. 

Nickel oxide is one of the few p-type oxides with a band gap of 3.6–4 eV [22]. Its 

stoichiometric form has an insulating property with a resistivity of 1013 ohm.cm [23]. The 

non-stochiometric p-type conductivity is caused by Ni2+ vacancies and oxygen interstitials 

[24]. Doping with alkaline atoms (Li, Na, and K) is an effective method for reducing NiO 

resistivity by introducing more charge carriers (holes). In recent years, doping NiO with 

alkaline atoms (Li [25-26]), (Na [27]), and (K [28-29] has been extensively studied; however, 

all of these studies have focused on the dopant concentration effect, however the effect of 

dopant type on the physical properties of nickel oxide has not been undergone substantial 

research. 

La-doped NiO has attracted a lot of attention recently because of its interesting uses 

La-doped NiO nanofibers produced using the electrospinning technique may be used as 

electrode materials in high-performance supercapacitors. [30]. Likewise, Han et al. [31] 

obtained La-doped NiO microspheres with porous structure using a hydrothermal method 

followed by calcination process for supercapacitor applications. Dakhel et al. [32] mentioned 

Li and La co-doped NiO ceramics displaying an enormous dielectric permittivity at low 

frequencies. In fact, Yan et al. [33] found that fuel cells using methane perform better and are 

more stable when La is added to the NiO anode. The same authors discovered that lanthanum 

oxide (La2O3) and a small quantity of NiO react to generate a secondary phase of lanthanum 

nickelate (La2NiO4). 

The objective of this work was to deposit pure NiO, Alkali-doped NiO and La-Alkali 

co-doped NiO thin films on glass substrates using the Sol-Gel spin coating method. Then, the 
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effect of the Alkali doping concentration on the structural, optical and electronic properties of 

the elaborated films, was investigated. On the other hand, the first-principles method based on 

DFT-GGA with the semi-empirical Hubbard U model (DFT–GGA+U), as implemented in the 

CASTEP code, has been applied to calculate the structural, electronic, optical, and elastic 

properties of Alkali-doped, La-Alkali co-doped NiO and undoped NiO cubic materials, in 

order to improve especially the underestimation of the experimental energy band gap. Thus, 

the calculated results were compared with other experimental and theoretical results available 

in the literature. 

The thesis is composed of three chapters, organized as follows; starting with the 

general introduction, the chapter 1 will give an overview of the technical and theoretical 

background of semiconductors, types, importance, basic properties and applications. This 

chapter also provides the state of the art of nickel oxide (NiO) thin films, its different 

chemical and physical properties and applications of the current research status. Furthermore, 

review of works done by many researchers is selected field on Alkali doped NiO thin films 

have been carried out in this chapter. 

The second chapter covers various synthesis techniques for thin films with a general 

description of the sol-gel process, describing the experimental spin coating technique used to 

prepare thin films, as well as the principles of characterization for studying their physical 

properties. The second section of this chapter focuses on calculation methods. It describes the 

theoretical framework for our work. We present the basic principles of density functional 

theory (DFT). This section includes information on how CASTEP (Cambridge Serial Total 

Energy Package: Commercialized by Accelrys) was implemented in the current calculations.  

The third chapter is divided into two sections and is devoted to presenting and 

discussing the results that were obtained: 

The first part focused on the presentation of results obtained from characterization by various 

techniques of pure NiO and Alkali-doped and La-Alkali co-doped NiO oxide thin films (Li, 

Na and K) x (x = 3%, 6%, 9%, 12% and 25%). The structural, optical and electrical properties 

of NiO thin films are then discussed. 

In order to linking of experimental results with theory, usually separated in the 

literature, DFT–GGA approach was used to predict structural and elastic properties of pure 

NiO and Alkali-doped and La-Alkali co-doped NiO cubic structures, which were compared, 
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wherever possible, with their corresponding measured values. For band structure and density 

of states calculations the Hubbard U correction was introduced.  These were to be the subject 

of the second part of the third chapter. 

Finally, a brief summary of the main conclusions obtained either from simulation of 

pure NiO and Alkali-doped and La-Alkali co-doped NiO cubic structures or various 

characterizations of the prepared thin films, is given. 
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I.1.Introduction 

Semiconductors, a key area of study in material science, have transformed modern 

technology due to their unique electrical properties. Material scientists have made significant 

contributions by developing semiconductors with extraordinary chemical, physical, and 

mechanical characteristics. Thin films, which are extremely thin layers of materials, have 

emerged as a vital component in various applications. In this chapter, an over view of 

semiconductors and transparent conduction oxides is provided, then the basic properties of 

nickel oxide thin films and its applications is presented.  

I.2.The Concept of semiconductor 

Depending on the external factors they are exposed to, such as temperature, pressure, 

radiation, magnetic or electric fields, semiconductors can act either as conductors or 

insulators.  

Semiconductors are crystalline materials with average electrical conductivity, allowing 

them to function as both a conductor and an insulator. 14 semiconductor elements are listed in 

the periodic table, including silicon, germanium, selenium, cadmium, aluminium, gallium, 

boron, indium, and carbon. 

According to the band theory, the highest energy band allowed (the valence band) is 

entirely occupied by electrons in semiconductors. However, the height of the forbidden band 

of a semiconductor is low (1eV), whereas it is remarkable for the true insulators, and is 

situated between this entire band and the first band upper vacuum in the energy diagram 

(conduction band). 

I.3.Electrical conductivity in semiconductors: 

The conductivity of semiconductors is limited at ambient temperature and lies between 

that of metals and insulators and it behave as insulators at absolute zero, figure (I.1) shows the 

electrical conductivity at room temperature of some types of materials. Their properties can 

be modified by changing the temperature or adding impurities by doping them in order to 

change their electrical properties [1]. According to the principle of construction, at T=0, 

electrons occupy each of the bands' unique molecular orbitals. The lowest orbitals are filled if 

each atom contributes one electron. The highest occupied orbital at T=0 is known as the 
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Fermi level, and it is positioned around the band's center[1]. At temperatures above T=0, the 

orbital P population is given by the distribution of Fermi-Dirac.  

A Boltzmann distribution that recognizes that a level can only have a maximum of two 

electrons occupying it. This distribution has the following form: 

P =
1

e(E−μ) kT⁄ +1
                                                    (I.1) 

Where 

E: is the energy. 

μ: is the chemical potential. 

k: Boltzmann constants. 

T: Absolute temperature. 

At high energies (E>>μ), the term 1 of the dominator can be neglected from Fermi-

Dirac distribution, and the population for T>0 looks like a distribution of Boltzmann to the 

extent that it decreases exponentially as energy increases[1]. 

P = e−(E−μ) kT⁄                                              (I.2) 

  

Figure.I.1. Electrical conductivity at room temperature of some types of materials [1] 
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I.4. Types of semiconductors: 

 We distinguish between two types of semiconductors: doped extrinsic and perfect 

intrinsic semiconductors. 

I.4.1. Intrinsic semiconductors 

 They have a very low level of impurities and are extremely pure and well-

crystallized semiconductors with a fully periodic crystalline lattice (less than 1 impurity atom 

for 10^13 atoms of the semiconductor element). At very low temperatures, they act as 

insulators and their conductivity increases with the increase of temperature. We call a 

semiconductor intrinsic if the electrons number n in the conduction band is equal to holes 

number p in valence band [3]. 

I.4.2. Extrinsic semiconductors 

 Doping an intrinsic semiconductor doped by specific impurities makes it 

extrinsic, while keeping the initial purity level well above the doping rate. Depending on the 

nature of the atoms introduced, the number of electrons becomes much greater than the 

number of holes so the semiconductor is called type n, either the number of holes becomes 

much higher than that of electrons or the semiconductor is called type p. 

I.4.2.1.n-type semiconductors 

 By introducing penta-valent atoms such as phosphorus P, arsenic As into a 

crystal, some bonds are blocked giving way to these extra atoms which have five valence 

electrons which fills the bonds by leaving a free electron in the crystal not closely linked to 

the nucleus (E 0.01eV), and passes easily into the conduction band. Penta-valent or donor 

atoms become positive ions after the excess electrons pass through the conduction band [4]. 

This greatly increases the conductivity of the doped material. Negative charges (electrons) are 

said to be the majority. 

I.4.2.2. p-type semiconductors 

 In this case we introduce trivalent atoms such as Gallium Ga, Indium In, boron B, 

aluminium Al. The impurity is missing a valence electron to ensure the 4 bonds with the 

neighboring silicon atoms. A low energy input (0.05eV) is enough for an electron of nearby 



Chapter I LITERATURE REVUE 

 

 Page 11 
 

silicon to be captured by the impurity: there is formation of a hole that is loosely bound and 

therefore mobile. The trivalent atoms (acceptors) become negative ions by capturing an 

electron. Considering the doping rates. These holes are much more numerous than the 

intrinsic carriers of pure crystal. The extrinsic conduction type p (positive) increases and is 

ensured by holes, the holes become majority. 

I.5. Classification of semiconductors 

 Semiconductors are classified according to their chemical composition and 

stoichiometry.  

I.5.1. Elementary semiconductors  

 There are elementary semiconductors such as silicon (Si), the germanium (Ge) 

and grey tin (a - Sn), which belong to Group IV of the periodic table.  

I.5.2. II -VI semiconductors 

 There are also II -VI semiconductors combining the elements II (Be, Mg, Ca, Sr, 

Ba) and VI (O, S, Se, Te). The combination of several elements of these two groups also 

gives a multi-component semiconductor.  

I.5.3. Transparent metal oxides (TCOs) 

 Besides their passive character, transparent metal oxides (TCOs) can act also as 

an active component. TCOs can be used as a semiconductor material. These materials are 

competing with existing silicon-based technology [5]. 

TCOs can be classified into two groups; n-type and p-type 

I.5.3.1. n-type TCOs 

The majority of the charge carriers in an n-type TCO are negatively charged electrons. 

Since most TCOs are n-type, practical applications are where one can most frequently find 

them [6]. The introduction of electron donor atoms causes the appearance of a pseudo energy 

level located just below the conduction band (BC). Thus, energy necessary for the electrons to 

migrate into the conduction band is much more easily reached, hence the increase of 

conduction. 
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It has been reported that it is possible to achieve very low resistivity values (of the order of 

(10-4Ω. cm), when doping rates are very high [7].  

I.5.3.2. p-type TCOs 

The majority of the charge carriers in p-type TCOs are positively charged holes [8]. 

The introduction of electron-acceptor atoms causes the appearance a pseudo level above the 

valence band (BV). The energy to be supplied to valence electrons to pass on this acceptor 

level is low, and the departure of electrons leads to holes in the valence band. P type doping is 

currently an important challenge and one of the keys to the development of optoelectronic 

components. This type of doping was carried out only by physical deposition methods [9]. 

The conductivity type p was first discovered by Aoki et al. in 2001[10]. Since then, more and 

more doping attempts on different oxides have been tested, such as doping of NiO with 

lithium (Li) [11], and sodium Na [12], and potassium K [13] 

I.6. Nickel oxide (NiO) 

Nickel oxide (II) is one of the semiconductors most favored antiferromagnetic 

transition material and forms the basis of a wide range of applications. As a result, it has been 

the subject of numerous experimental and theoretical research in recent years. Nickel (II) 

oxide has the chemical formula NiO and is a chemically stable material. The main 

commercial forms of refined, comparatively pure nickel are NiO [14].NiO is typically created 

artificially because it is actually quite rare in nature. Every year, about countless million 

kilograms are produced [15]. Black NiO and green NiO are the two main colors of NiO. The 

green crystal almost perfectly satisfies the stoichiometric ratio of one Ni to one O atom, or 

Ni1.00 O1.00. The black material has an excess of O i.e., a deficiency of Ni with formula 

averaging Ni0.98 O1.00 and belongs to the class of non-stoichiometry compounds. NiO is hardly 

soluble; at 20 °C, its solubility in water is 1.1 mg/L, its density is 6.67 g cm-3, and its melting 

point is 2233 K [14]. NiO is produced using a variety of methods. In addition, when oxygen 

and nickel powder are heated to temperatures above 400° C, NiO is produced.  Additionally, 

green nickel oxide can be produced by heating a mixture of nickel powder compound and 

water to a temperature of 1000° C; this technique was employed in a number of industrial 

processes, and the rate of the reaction can be accelerated by adding NiO [16]. 
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The successful and streamlined method of fabrication uses pyrolysis to create a light 

green powder from nickel (II) salts like hydroxide, nitrate, and carbonate. Grey to black 

powders that indicate non-stoichiometry can result from heating the metal in an oxygen or air 

atmosphere when synthesizing the elements [17]. 

I.6.1. NiO properties 

 Nickel oxide has a set of properties (magnetic, optical, electrical and chemical) that 

allow for use in various applications. 

I.6.1.1. NiO crystallographic properties  

The mineral form of bunsenite NiO is rare. As a result, it is synthesized. There are 

many different kinds of ways to create NiO. The most well-known of these is the pyrolysis of 

Ni2+. The nickel oxide (NiO) crystallizes in a cubic structure with a lattice parameter of a = 

4,176 A° (JCPDS, 47-1049) and a type NaCl [18]. The table (I.1) summarizes the main 

crystallographic characteristics of this oxide. 

Table I.1. Crystallographic properties of NiO 

NiO Structure Cell Lattice R plan Space 

group 

Cubic 

CFC 

a=b=c 

α=ß=γ=π/2 

A and B 

Cation (Ni2+) 

Anion (O2-) 

(Ni+2) =72.0Pm 

(O-2) =140Pm 

Ni= (0,0,1/2) 

O= (0, 0,0) 

Fm3m 

Figure (I.2) explains the crystal structure of nickel oxide and the literature's description of the 

DRX of NiO in cubic phase (CFC) [18]. 

 

 

Figure I.2.The crystallographic structure and DRX diffractogram of NiO [19]. 
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I.6.1.2. Electronic properties of NiO 

The band structures that distinguish transition metal oxides from other types of oxides 

determine whether the oxide has an isolating or semi-conducting character. Nickel oxide is 

one of the transition metals that, through their applications, form a significant family. Their 

magnetic property is caused by the presence of the "band d" energy band. 3d wave function 

are nearly located around the atomic nucleus. The band's width is in the range of 5 eV, and it 

can hold up to 10 electrons in total [20].  

The diagram of NiO's molecular orbitals in its ground state is shown in figure (I.3) [21].  

 

FigureI.3. Representation of the NiO energy levels [21]. 

 

Figure.I.4. Schematic representation of the molecular structure of NiO in its ground state (Ni 

atom and O orbital) [21] 
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The 3d energy level is responsible for magnetism; it was marginally higher than the 4d 

energy level in the conduction band [22]. 3d orbitals are composed of two levels which are 

t2g and eg, the orbital of ions oxide in recovery with the 3d nickel orbitals constitute the level 

of low energy, this level and the t2g level are full (figure I.4). Just two electrons make up the 

anti-latching eg level. The electronic configuration of nickel and oxygen are: Ni: 3d8, O: 2p4 

[23]. There are two main theories that deal with oxygen-to-nickel p-d transitions (charge 

transfer) and cationic d-d transitions, respectively, to explain the absorption of NiO. From 

theoretical point of view, the Ni2+ ions have a partially filled d shell in a 3d8 ground-state 

configuration in a completely ionic model of NiO as mentioned above. According to 

conventional band theory, this should result in metallic behavior, yet NiO is a semiconductor 

with a wide band gap. Since a long time ago, DFT studies have been successfully used to 

describe a variety of details of electronic structure, magnetic coupling, and band gap 

characteristics. however, it incorrectly predicts that the band structure of TM oxides is 

metallic rather than describing it as an insulator. According to LSDA studies, NiO should 

have a band gap of about 0.5eV, which is smaller than the outcomes of the experiment. 

Consequently, a variety of computational techniques have been used to predict the NiO 

energy band gap, and various outcomes are shown in table (I.2) as a result.  A number of 

researchers have looked into the band structure of NiO's bulk and surface using various 

techniques, including DFT [24- 27], DFT+U [28- 30, 34-35], and GW [24, 31-32]. 
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Table I.2.NiO energy band gap calculated using various methods. 

Method                    Ref. Band gap (eV) Structure 

LDA+U; U=4.6             [29] 2.7 Bulk; Cubic 

LSDA+U; U=6.2           [27] 3 Cubic 

LDA+U; U=5 

LDA+U; U=5                [33] 

LDA+U; U=5 

2.6 

2.1 

0.8 

Bulk; Cubic 

Surface 001 

Surface 111 p (2×2) 

DFT+U ; U=7                [28] 3.8 Bulk; Rhombohedral 

LSDA+U ; U=6.1          [34] 3.7 Bulk 

LSDA+U; U=5.4           [35] 4.1 Bulk 

MBJLDA                       [25] 4.16 Bulk 

LSDA+U ; U=6.2 

GGA (96)+U ; U=6.2    [30] 

GG (06)+U ; U=6.2 

4.04 

4.31 

3.4 

Cubic; Surface 001 

 

GW                                [24] 4.8 Bulk 

Hybrid B3LYP             [36] 3.9 Bulk 

sX-LDA                         [26] 3.85; 4.1 Cubic 

GW@LDA                    [31] 5.5 Rhombohedral 

GoWo@LDA+U;U=5.2[37] 3.76 Rhombohedral 

U+GW; U=4                  [32] 3.99 Rhombohedral 

 

From the projected density of states, some studies have predicted the conduction band 

of NiO and the upper edge of the valence band to be of the same character, i.e Ni 3d, making 

NiO to become a Mott-Hubbard insulator. Some studies have predicted that the conduction 

band of NiO and the upper edge of the valence band will be of the same character, i.e. Ni 3d, 

causing NiO to become a Mott-Hubbard insulator. However, the upper edge of the valence 

band was correctly predicted by some other authors [27, 29, 31, 34] to be of the O 2p 

character and that NiO should therefore be classified as a charge-transfer insulator, as 

opposed to a Mott-Hubbard insulator. 
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I.6.1.3. Thermal oxidation of nickel 

Due to its use in numerous technologies, nickel oxidation has attracted a lot of 

attention for almost a century. As previously mentioned, one of the most prevalent phases of 

nickel oxides is known as bunsenite (NiO). There have also been claims of other phases, 

including Ni2O3 and NiO2 [38].  As was previously demonstrated, the results of these 

investigations indicated that NiO is a metal with a p-type semiconductor in which nickel 

vacancies are the predominant defects. Some typical thermodynamic properties for nickel and 

NiO are listed in table (I.3). For the reaction (I.3), it is also possible to plot G's behaviour in 

an Ellingham diagram (figure (I.5)). 

Table I.3. Standard thermodynamic properties of  nickel and NiO [38] 

 ΔHf (Kj mol-1) ΔGf (Kj mol-1) ΔSf (Kj mol-1) 

Ni(s) 0 / 29.9 

NiO (s) -239.701 -211.539 37.991 

 

Figure I.5.Gibbs free energy versus temperature in nickel oxidation for the formation of NiO 

[38]. 

It is anticipated that the reaction will come after the conversion of nickel that takes 

place in the oxidation route: 

2Ni + O2 → 2NiO                                                      (I.3) 
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I.6.1.4. Optical properties of NiO 

NiO is a semi-conductor that is transparent to ultraviolet (UV), visible, and near-

infrared radiation [39]. The optical forbidden band has been estimated to be around 4eV, and 

the refractive index is 2.33 at 2eV photons [40].Because Ni3+ ions are present inside the oxide 

lattice, there is a charge transfer transition, which causes an absorption in the visible spectrum 

[41].With a width of 4.3–4.4eV, the valence band is made up of localized nickel 3d-bands 

[42].Oxygen was coupled with the nickel 3d states at the 2p band, where it had a large energy 

of 4–8eV.However, the nickel 3d, 4s, and 4p unoccupied states make up the conduction band 

[43]. The optical absorption gap in NiO is thought to be caused by either a p–d transition in 

one Ni atom [44] or a d–d transition involving two nearby Ni atoms in the lattice [45].Figure 

(I.6) presents nickel oxide transmittance specter in literature [46] and table (I.4)illustrates the 

optical parameters of NiO thin films obtained by CVD spray method in experimental studies. 

 

 

Figure I.6. NiO transmittance spectra [46]. 
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Table I.4. Experimental NiO energy band gap. 

Band gap (eV)Ref. NiO preparation techniques Method used 

3.8                        [47] Thermal decomposition TEM, UV-Vis 

3.32                      [48] Electron beam evaporation UV-Vis 

3.89 - 3.92            [49] Cationic surfactant (CTAB) PL, UV-Vis 

3.65 - 3.82            [50] DC reactive magnetron sputtering SEM, UV-Vis-NIR 

3.4 - 3.71              [51] RF magnetron sputtering SEM; UV-VIS-IR 

3.47 - 3.86            [52] Sol gel spin coating SEM, UV-VIS-IR 

3.35 - 3.73            [53] Automated Liquid Flow 

Deposition 

SEM, ALFDT 

3.744 - 3.867        [54] Sol-gel dip coating TEM, UV-Vis-NIR 

3.6                        [56] Thermal oxidation UV-Vis 

2.10 - 3.9              [57] Chemical bath deposition Absorption, UV-VIS-

NIR spectroscopy, 

3.87                      [58] Verneuil (flame fusion) SCP 

3.17 - 3.83            [60] Spray pyrolysis UV-Vis-NIR 

I.6.1.5. Electrical properties of NiO 

NiO has a broadband gap energy and p-type oxide semiconductor characteristics. In 

theory, stoichiometric purity NiO is a Mott-Hubbard insulator, with a room temperature 

resistivity of the order of 1013ohm.cm. The insulating properties of NiO have been explained 

by a number of theories, including cluster theory, localized electron theory, band theory, 

chemical band approach, and band theory. Pale green is the color of stoichiometric NiO. It has 

been suggested that the presence of Ni3+ ions is related to the black color of NiO. 

As charge compensation for the nickel vacancies, these ions are present in NiO [60]. 

Different samples exhibit varying conductivities, indicating that random impurities or lattice 

defects dominate the conduction. The appearance of nickel vacancies or an excess of oxygen 

is suggested as the cause of electronic conduction in undoped NiO. When the active species of 

nickel and oxygen affect separately on the growth of the film surface in the ionic crystal of 

NiO, the orientation of the film is typically influenced by the orientation of O2. This is due to 

the fact that NiO lacks the directivity of a mixture of Ni2+ and O2, and that O2's radius (0.140 

nm) is greater than Ni2+'s (0.069 nm) [61].   
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A significant concentration of interstitial O atoms in the structure is not possible due 

to the size of the oxygen atom. Due to the excess O in NiO, the normally occupied Ni sites 

now have empty spaces, as shown in figure (I.7). To maintain the crystal's overall electrical 

neutrality, two Ni2+ ions should be changed to Ni3+ for each empty Ni2+ site. It can be 

suggested that the Ni3+ ions introduced into the crystal in this way are positive centers capable 

of moving between different Ni2+ sites. It appears as though a positive hole is moving around 

the Ni2+ sites when an electron jumps from a Ni2+ to a Ni3+ site. As a result, an excess of 

oxygen transforms NiO into a p-type semiconductor [62].    

 

Figure I.7. A schematic of pure non-stoichiometric NiO crystal 

Table.I.2. Some electrical properties of NiO 

NiO Element  Unity  range Ref 

mobility (Cm2/V.S) 0.1-1 [63] 

conductivity (Ω. Cm)-1 0.1-1 

Electronic 

density 

(Cm3) 1018-1019 

I.6.1.6. Magnetic properties 

The magnetic properties of NiO have been studied in both theoretical and 

experimental contexts. Numerous magnetic orderings, such as ferromagnetic (FM) [26, 70–

72] non-magnetic (NM) [73], antiferromagnetic type one (AF1) [26] and antiferromagnetic 

type two (AF2) [26, 73, 74] have been observed on NiO. The magnetic moments of the Ni ion 

align ferromagnetically on every (111) plane and antiferromagnetically for adjacent planes in 

the AF2 case, but the total magnetization is zero [75]. Ni atoms have finite magnetic 
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moments, but the total magnetization is zero. All spin moments are aligned in one direction in 

the FM state. According to calculations and experiments, the NiO AF2 ordering is the most 

stable magnetic configuration, followed by the FM state and the AF1 ordering [73].The 

covalent bonding between the Ni and O atoms, or hybridization [35] was found to be stronger 

than the coupling of the d-d states between nearest neighboring Ni ions. Additionally, the 

opposite spin next-nearest neighbors of Ni ions are energetically preferred, making the AF 

spin structure the ground state of NiO. The magnetic moment values of NiO were predicted 

by some theoretical calculations to be 1.75 μB [25], 2.00 μB[30], and 1.91 μB [35]. According 

to the experiments, NiO's magnetic moment value varied between 1.7 and 1.9 B [75].  

I.6.2. NiO applications 

NiO is one of the important P-type classes of semiconducting materials. it has 

distinctive optical, electrical, and magnetic properties and finds a huge variety of applications 

such: 

I.6.2.1. Photo voltaic cells 

The first photovoltaic cell, a new generation of solar cells similar to those developed 

by Grätzel, was developed on the basis of the color-sensitive n-type semiconductors. A type p 

(SC-p) semi-conductor was used in these last. Thus, the first color-changing type p 

semiconductor cell (DSSC-p) was built in the Lindquist team's laboratory in Sweden in 1999 

using nickel oxide (NiO), an intrinsic type p semiconductor. 

The conversion rate, however, fell short of the first DSSC-n's (7,9%) level and did not 

exceed 0,0076%. Since then, the study of DSSCs-p has become significantly more intense. As 

a result, earnings have been able to change over the years, going from 0,0076% in 1999 to 

0,4% in 2012 and 1,3% in 2013. The current record for 2015 is 2.5 percent [64]. 

I.6.2.2. Protective films 

The simplest application of the TCO as surface refinishing materials is the direct 

application of one of their characteristics. In fact, because of free charges, TCO reflect on 

near and far infrared wavelengths. These materials can be used to create devices such as  

heated mirrors, an application of HMF with thin ITO couches, a multi-layer heated TiO2 

coating for automobiles, solar cell technology, etc [65]. Utilizing TCO of type-p in this 

application, metal oxides are used in the field of multi-paned electrochromic windows made 

of TiO2, solar cell technology, etc. 
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I.6.2.3. Antimicrobial activity: 

NiO nanotechnologies are very promising for biomedical and bio-sensible 

applications, for example the brain-implanted NiO nanotechnologies are very promising. It 

was proved in literature that Ce doped NiO nanomaterial is a superb performance with great 

sensitivity, selectivity, and stability. Additionally, the antimicrobial activity of NiO doped Ce 

nanostructures were evaluated [64]. 

I.6.2.4. Gas sensors: 

A component is defined as a gas sensor if at least one of its physical characteristics 

changes when exposed to a change in the gaseous environment. There are two significant 

families of metallic oxides that are used as gas sensors. The first is type n (conduction by 

electrons, for instance SiO2). They have a conductivity that decreases with an increase in 

partial pressure of oxygen. They full fill the majority of requirements for gas sensors 

applications because they are more stable and have characteristics that are more suited to 

chimi-sorption, the mechanism that predominates in this class of gas sensor. The second 

family includes all types p (conduction by trench: for instance, NiO). They have a 

conductivity that increases with an increase in partial pressure of oxygen. They are known to 

be relatively unstable due to their propensity to exchange lattice oxygen easily with the air. 

For the time being, P-types are used for specific applications like high-temperature oxygen 

sensors. For instance, that which is based on NiO [66].  

I.6.2.5. Superconductors 

Electrochemical supercondensators have developed into key components for energy 

storage. Their energy and power densities fall in the middle of batteries and condensers, 

respectively. Although they have a high energy density, batteries and piles have a low power 

density. Between these two categories of energy storage systems, the supercondensators fit 

both in terms of energy and power. There are numerous oxidation states in the oxides of 

transition metals, some of which are conductors. This is the reason they can be prepared with 

a large, specific surface area. Therefore, metal oxides are good building materials for super-

condensators..The way these oxides are synthesized affects their characteristics (specific 

surface area, crystallinity, conductivity, etc.), which in turn affects their electrochemical 

characteristics. Nickel oxide is regarded as a promising supercapacitor material, particularly 

in the case of porous NiO films that have higher capacities due to their unique, significant 

surface areas. 
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I.6.2.6. Batteries: 

American inventor Thomas Edison created the renowned battery in 1902 using iron-

nickel electrodes dipped in an alkaline solution. As a result, numerous projects based on the 

Edisonian principle on these kinds of batteries have been carried out. Hongjie Dai and his 

team have created a new Ni-Fe battery, for instance, by including carbon nano-tubes and 

graphene in the electrodes [67]. The nickel-hydride metal battery has drawn a lot of interest 

due to its long lifespan and its high levels of specific energy and power [68].  

 Due to its long lifespan, high specific energy, and specific power, the nickel-hydride 

metal battery has received a lot of attention. Additionally, nickel oxides are used as the anode 

in lithium batteries, which are widely used today in a variety of electrical and electronic 

devices [69]. Nickel hydroxide is widely used as an electrode in alkaline batteries, including 

those made of nickel-fer (Ni-Fe), nickel-cadmium (Ni-Cd), nickel-hydride metal (Ni-MH), 

and nickel-zinc (Ni-Zn) [39]. 

I.7. Earlier works done on alkali doped NiO based thin film: A Review 

In (2015) Y.R. Denny, et al employed electron beam evaporation technique to deposit 

pure and Na-doped nickel oxide (NiO) thin films on glass substrates. They studied the effect 

of Na doping on the electrical and optical properties and electronic structure of NiO thin films 

using X-ray photoelectron spectroscopy (XPS), reflection electron energy loss spectroscopy 

(REELS), X-ray absorption near edge structure, and extended X-ray absorption fine structure. 

It was established that Na-doped NiO thin films exhibited relatively low resistivity compared 

to undoped NiO thin films. In addition, the Na-doped NiO thin films deposited at room-

temperature have p-type conductivity with a low electrical resistivity of 11.57 Ω cm and high 

optical transmittance of 80% in the visible light region [11]. 

In (2016)A. Loukil et al have deposited undoped and 1, 2 ,3% molar rates of 

potassium element (K) doped NiO thin films substrates by a simple mini spray technique at 

460 °C. Structural study by means of X-ray diffraction shows that all K-doped NiO thin films 

crystallized in cubic space group with some noticeable changes in terms of [K]/[Ni] ratio. 

Raman spectroscopy reveals the principal NiO vibration’s mode with the shift related to K 

incorporation in NiO matrix. For all NiO:K prepared thin films, PL measurements show three 

large bands located at 405, 420, 485 and 529 nm. Electrical properties were performed using 

impedance spectroscopy technique in the frequency range 5 Hz–13 MHz at various 
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temperatures. DC conductivity is thermally activated showing a semiconductor behavior of 

NiO:K sprayed thin films. This study shows that the electrical conductivity is thermally 

activated. The calculated values of the activation energy show semiconductor behavior of 

such films. On the other hand, AC conductivity is investigated through Jonscher law. The 

imaginary part of the complex impedance has a maximum whose relaxation frequency 

increases with temperature according to Arrhenius law [13]. 

Using a rapid pyrolysis sol-gel technique, Wang et al. (2016) deposited K-doped NiO 

films (Ni1-xKxO) on glass substrates. With the aid of X-ray diffraction, scanning electron 

microscopy, an atomic force microscope, a Hall Effect measurement, and a UV-vis 

spectrophotometer, the films' structural, morphological, electrical, and optical properties were 

examined. According to their findings, all elaborated films had cubic structures, and as K 

doping concentration increased, the residual stress in the films changed from residual 

compressive stress to residual tensile stress. The K doping concentration significantly 

influenced the morphologies of the films. They examined the optical band gaps energy of the 

films and found that it was roughly constant while also confirming that the transmittance 

generally decreased with increasing K doping concentration [2]. 

Using the sol-gel spin coating technique, in 2014Sta et al, [11] prepared un-doped and 

lithium (Li) doped NiO thin films on glass slides using nickel acetate and lithium chloride as 

the sources of nickel and lithium, respectively. AFM and X-ray diffraction (XRD) were used 

to examine the effects of layer count on the structural, optical, and electrical properties of NiO 

thin films, respectively. It was explained to them that as the number of layers increased, so did 

the film's thickness. Four layers of undoped NiO films with high optical transparency were 

found to be the best appropriate number. This hypothesis was used to create lithium doped 

NiO films. They demonstrated how the films' morphology changes as the solution's Li 

concentration rises. The preferred orientations of the films are revealed by XRD to be 

polycrystalline. It was stated that an increase in Li content causes the optical transmittance of 

the films to increase in the visible wavelength. 

In 2010, Jang et al. [77] used RF magnetron sputtering on glass substrates to create 

the lithium-doped nickel oxide films. The films' lithium content ranged from 0 to 16 weight 

percent. Researchers have looked into how characteristics like microstructure, resistivity, and 

electrical stability are affected by Li concentration. According to reports, the doped Li ions 
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help to fill crystal defect sites like vacancies or congregate on the film's surface. It was 

intended to demonstrate two things. First, doped Li filled the Ni vacancies in the film, 

reducing its electrical conductivity. However, when the Li doping level was further raised, 

some lithium was insulated on the film's surface and developed bulges. As a result, the 

electrical aging of the Li-doped NiO films decreased, and their conductivity was more stable. 

In 2010 Titas Dutta et al [78] have deposited Li doped NiO thin films on c-sapphire 

by pulsed laser deposition. From the analysis of the resistivity data, they found that doped Li 

ions occupy the substitutional sites in the films, thus the p-type conductivity enhanced. The 

Li0.07Ni0.93O film had a minimum resistivity of 0.15 cm. According to estimates, the activation 

energy of Li doped NiO films lies between 0.11 and 0.14 eV. A potential electrical transport 

mechanism is discussed in light of these values. Additionally, a p-n heterojunction has been 

created for the p-Li doped NiO with n-ZnO that has been optimized. Reduced leakage current 

was achieved by inserting i-Mg-ZnO between the p and n layers, which improved the current-

voltage characteristics. With a turn-on voltage of 2.8 V and a breakdown voltage of 8.0 V, the 

p-i-n heterojunction demonstrated good rectification behavior. 
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II.1. Experimental approach 

II.1.1. Introduction 

There are many and different thin film deposition techniques. In general, thin film 

deposition techniques are broadly classified as physical or chemical methods, few of them are 

discussed in the following sections. In this chapter we will focus specifically on the technique 

for elaboration nickel oxide thin films using sol gel spin coating method. The sol-gel spin 

coating method was chosen because of its simplicity, safety, low cost, and ability to deposit 

homogeneous and high-quality thin films [1]. Locally, its implementation is feasible. It also 

offers the benefit of creating thin films on significant surfaces, such as those of solar cells or 

flat-screen displays. The basic concepts of the various characterization techniques that we 

developed and used to analyze the films that we produced will also be covered in this chapter. 

II.1.2. Physical deposition methods  

To create thin films, physical deposition employs thermodynamic or mechanical 

methods. These approaches are more expensive, but they provide more dependable and 

reproducible results. Furthermore, physical procedures require tremendous energy, which are 

not stored by chemical reactions. To function properly, commercial physical deposition 

systems requires a low-pressure vapor medium [2].  

II.1.2.1. Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a versatile deposition technology for thin film growth 

that may deposit very large amounts of material. In a high vacuum, a pulsed laser, typically of 

ultra-violet (UV) wavelength, is used to ablate the material of the target on a regular basis. As 

a result, the solid material was converted into plasma, resulting in a plume emanating from the 

direction of the substrates. As it approached the substrate, the plume condensed to produce 

nano-structured sheets [3]. 

II.1.2.2. RF Sputtering 

The RF splutter gets its name from the use of energy in the radio wave spectrum. This 

process is frequently utilized in the industry to coat materials used in many technical 

applications. An RF potential is delivered to the metal electrode placed beneath the dielectric 
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plate target in this technique. The typical RF frequencies used vary from 5 to 40 MHz. At RF 

potentials, the electrons oscillating in the alternating field have enough energy to cause 

ionizing collisions, and the discharge is self-sustaining. Because electrons have significantly 

higher mobilities than ions, many more electrons will reach the dielectric target surface during 

the positive half cycle than ions during the negative half cycle, causing the target to become 

negatively self-biased [4]. The negative dc potential on the insulator target surface repels 

electrons from its vicinity, forming an ion-rich sheath in front of the target. Ions pummeled 

the target, resulting in sputtering. The RF sputtering technique has been used to successfully 

prepare quartz, aluminum oxide, boron nitride thin films, and other glasses. The use of RF 

sputtering for thin film deposition is critical because it allows for more cost-effective 

deposition on large-area substrates.  

II.1.2.3. Thermal evaporation 

Thermal evaporation involves evaporating source materials in a vacuum chamber with 

a pressure of less than 10-6 Torr and condensing the evaporated particles on a substrate. 

Thermal energy is supplied to a source in this process, from which atoms are evaporated for 

deposition in the substrate. The source material can be finished heating by any of which the 

substance to be evaporated is attached [5]. Resistance heating, high-frequency induction 

heating, or electron beam evaporation can be used to heat larger quantities of source material 

in crucibles made of refractory metals, oxides, or carbon. The evaporated atoms pass through 

the evaporation chamber at a lower background pressure and condense on the growth surface. 

The deposition rate or flux is determined by the distance travelled from the source to the 

substrate, the angle of impingement into the substrate surface, the substrate temperature Ts, 

and the base pressure. 

II.1.3. Chemical deposition methods 

The condensation of chemical substances from the gas phase onto a substrate where 

the reaction happens to generate a solid deposit is known as chemical vapor deposition 

(CVD). If not already in the vapor state, the gaseous compound containing the deposited 

material is generated by volatilization from either a liquid or a solid feed and is induced to 

flow by a pressure differential or by the diffusion of gas carried into the substrate. The 

chemical reaction begins near the surface of the substrate and produces the desired substance. 
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In some processes, the chemical reaction may be triggered by an external agent such as heat, 

an RF field, light or X-rays, an electric arc or glow discharge, electron bombardment, and so 

on. The deposit's microstructure, morphology, and adhesion are all strongly tied to the 

activation process and the nature of the chemical reaction [6]  

II.1.3.1. Electro-deposition 

Electrolysis is the appearance of chemical changes caused by the passage of an electric 

current through an electrolyte, and electrodeposition is the deposition of any substance on an 

electrode as a result of electrolysis. This phenomenon is dominated by two laws, first stated 

by Faraday in 1833: (i) the magnitude of chemical change occurring is relative to the electric 

current passed, and (ii) the masses of different kinds deposited at or dissolved from electrodes 

in the same amount of electricity are in direct proportion to equivalent weights. The two rules 

can be combined and represented mathematically as follows: 

𝑤 =
𝐼𝐸𝑡
𝐹
                                                                   (𝐼𝐼. 1) 

 

Where W is the deposited material's mass (in g), I is the current (in A), E is the chemical 

equivalent weight (in g), and t is the reaction time (in s). The Faraday constant, corresponding 

to 96500 C, is defined as the amount of charge required to deposit one equivalent of any ion 

from a solution [7].  

II.1.3.2. Chemical bath deposition 

Chemical bath deposition (CBD) is also known as controlled precipitation, and it has 

been used to deposit films of many different semiconductors since then. It is currently gaining 

popularity because it does not require complicated instrumentation such as a vacuum system 

or other costly equipment. All that is necessary is a vessel to hold the solution (an aqueous 

solution composed of a few commonly used compounds) and a substrate for deposition [8]. It 

provides a bottom-up approach to the manufacture of nanocrystalline materials in thin film 

form with improved particle size control, particle shape, size distribution, particle content, and 

particle agglomeration.  
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II.1.3.3. Chemical Vapor Deposition (CVD) 

The condensation of chemical substances from the gas phase onto a substrate where 

the reaction happens to generate a solid deposit is known as chemical vapor deposition 

(CVD). If not already in the vapor state, the gaseous compound containing the deposited 

material is generated by volatilization from either a liquid or a solid feed and is induced to 

flow by a pressure differential or by the diffusion of gas carried into the substrate. The 

chemical process that produces the desired substance begins near the surface of the substrate 

that produces the desired material. In some cases, the chemical reaction may be triggered by 

an external agent, such as the application of heat. Electromagnetic fields, light or X-rays, an 

electric arc or glow discharge, electron bombardment, and so forth. The deposit's 

microstructure, morphology, and adhesion are all strongly tied to the activation process and 

the nature of the chemical reaction. The deposit's microstructure, morphology, and adhesion 

are all heavily influenced by the activation procedure and the nature of the chemical reaction 

[6].  

II.1.3.4. Spray pyrolysis technique  

SPT is a method for creating dense and porous oxide films, ceramic coatings, and 

powders. This approach has been utilized for dense film deposition, porous film deposition, 

and powder manufacturing. Using this adaptable process, even multilayer films can be easily 

created. SPT has been used to deposit electrically conducting electrodes in the glass sector 

and solar cell manufacturing for decades. The spray pyrolysis method of film deposition 

necessitates a heated substrate in order to spray the metal salt from the aqueous solution. 

Droplets were distributed and formed a disk-shaped structure on the substrate's surface before 

decomposing thermally [9]. The size and form of the disk were related to the temperature of 

the substrate, the volume, and the momentum of the droplet.  As a result, this film was 

created, which contained overlapping disks of metal salt being transformed to metal oxide.  

II.1.3.5. Sol-gel technique 

The sol-gel process is named after the abbreviation "solution-gelification." It is a 

method of "soft chemistry" in solution that allows the creation of numerous inorganic or 

organic/inorganic hybrids, in a wide range of configurations such as thin films, optical fibers, 

monolithic glass, and calibrated nano-pouders [10], as shown in figure (II.1). The term "soft 
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chemistry" refers to the fact that chemical reactions in liquid solution occur at significantly 

lower temperatures than traditional synthetic routes. These conditions also allow for the 

combination of organic and mineral species, resulting in the formation of new families of 

organo-mineral compounds with novel properties. This method can be used in a variety of 

fields, including the production of porous nanomaterials, as well as the fabrication of coatings 

and encapsulation. This technique was chosen for the creation of the materials studied in this 

work because it offers several advantages, including the purity and homogeneity of the 

products created, its ease of implementation, its suitability for the resurfacing of large and/or 

complex surfaces, its low energy cost and the ability to create materials on the fly thanks to a 

final control over experimental parameters. 

 

Figure II.1. Schematic summary of the sol-gel process [11]. 

The formation of a solid via sol-gel results from chemical reactions in liquid phase, 

which are responsible for the priming of sol-gel reactions and are referred to as "molecular 

precursor" These reactions occur in two stages: synthesis of "sol" followed by formation of 

"gel". At this point, it is necessary to define two terms commonly used in sol-gel chemistry: 

first a sol is a stable dispersion of colloidal particles in a liquid. The size of solid particles (1-

1000 nm), which are denser than liquids, must be small enough that the forces responsible for 
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dispersion are not overcome by gravity. Second, a gel is a three-dimensional lattice of Wan-

der-Waals connections with infinite viscosity. In which the solvent (water, alcohol) is 

imprisoned in the pores. When the liquid is water, the term "aqua-gel" or "hydro-gel" is used. 

And when it comes to alcohol, the term "alcogel" is used. When the lattice is made up of 

three-dimensional particles, the gel colloidal is formed, and when the network is made up of 

macromolecules, the gel polymeric is formed. The time required at the surface to transform 

into gel is referred to as "time of gel" or "point of gel". There are two main routes for sol-gel 

synthesis, depending on the type of precursor used: 

Inorganic or colloidal method: derived from metallic elements (chlorides, nitrates, 

oxychlorides...) in aqueous solution, it is inexpensive and simple to implement. However, 

controlling the size and distribution of the powders is difficult. It is for this reason that it is 

rarely used. However, this is the preferred method for producing ceramic materials. 

Metal organic (polymeric ) method: derived from metallic alkoxides of formula (MOR)n, 

Where M denotes a valence n metal and R denotes an alkyl radical (formula CnH2n+1) linked 

to an oxygen ion via an alkoxide groupement. This route is more expensive than the previous 

one, but it allows for final granulometry control. It is especially well-suited to irregular 

layouts, such as the placement of thin sheets of paper. The ML (ICCF) and CLeFS (LMGP) 

groups have established expertise in this area, and it is this path that has been taken during 

these research efforts [12]. 

II.1.3.5. 1. Reaction Mechanisms 

To begin, the metallic alkoxide is mixed with a solution made up of an organic solvent 

(usually alcohol), water, and, in most cases, a catalyze (acid or base). The sol-gel 

transformation of alkoxides (solution sol gel) occurs via an inorganic polymerisation 

mechanism in two stages: hydrolysis and (poly-) condensation. 

a. The hydrolysis 

The hydrolysis reaction initiates the polymerization process and results in the 

formation of M-OH groups: 

 

 

 

 H2O+M-(OR)nHO-M-    (OR)n-1+R-OH                         (II.2) 
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It is based on the substitution of OR groups for OH groups, during which the metal 

undergoes nucleophilic attack due to the electronegativity of the alcoxo group. As a result, 

there is a nucleophilic addition of an ice molecule to the metal, followed by a proton transfer 

to the alcoholic. So there is a nucleophilic addition of a water molecule to the metal, followed 

by a proton transfer to the alcoholic. This hydroxylation step, which occurs alongside alcohol 

liberation, can be complete or partial depending on the amount of water present, but the 

alkoxide is usually only partially hydrolyzed. 

b. Condensation 

The reactive species (RO)n-1-M-OHn formed during hydrolysis are good nucleophiles 

and can react with a similar or non-hydrolyzed-alkoxide during the subsequent condensation. 

• Alkoxylation is the formation of an oxygen M-O-M bridge between two metallic 

atoms while releasing an alcoholic molecule: 

 

 

(RO)n-1-M-OH+M-(OR)n       (RO)n-1-M-O-M(OR)n-1+R-OH (II.3) 

 

 

 

• Oxolation is the formation of an oxygen M-O-M bridge between two metallic atoms, 

which results in dehydration. 

 

 

(RO)n-1-M-OH+HO-M-(OR)n-1                              (RO)n-1-M-O-M(OR)n-1+H2O  (II.4)    

 

  

This reaction has occurred continuously over time, resulting in the formation of polymeric 

chains of the type (M-O-M)n (poly-condensation). Condensation, like hydrolysis, modifies the 

metal's coordination sphere but does not increase its coordination. When these two reactions 

are completed, a gel is formed. The transformation of a solution into a polymeric solid is 

known as the ''sol-gel'' transition or jellification. 
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II.1.3.5. 2. Sol-gel Transition  

 This transition consists in the formation of an inorganic network that is piling up 

the solvent (high viscosity environment), For example an inorganic/solvent composite. The 

resulting gel phase is distinguished by a 3D "skeleton" solid embedded in a liquid phase. 

Obviously, the reaction process does not stop at the point of gelation. The ultimate evolution 

of gel over time is referred to as "aging. “There are several processes that can occur, 

including: Inorganic polymerization (lattice reinforcement through new bounds). 

 - The phenomenon of syneresis or phase transformation (reticulation    leading 

to gel reconstitution and solvent expulsion). 

 - The Ostwald ripening (a particle dissolution and precipitation phenomenon). 

 The aging of the gel causes structural changes, which manifest as changes in the 

diameter of the pores and internal capillary forces. 

II.1.3.5.3. Drying of the gel 

 The process for getting a solid material from a gel includes a drying step that results in 

the evaporation of the solvent outside of the polymeric lattice while the gel solidifies. The 

evaporation process occurs due to the pores and channels present in porous sol-gel material, 

which can result in a significant volume change. Using the same solution and depending on 

the drying mode of the gel, a material can be obtained in two different forms: 

a. The xerogel: 

 Obtainable through conventional drying in atmospheric conditions (normal 

evaporation), resulting in a significant volume reduction. Residue liquids, in effect, cause 

capillary forces that lead to the destruction of macro-porosity and, eventually, the formation 

of a vitreous structure. However, the resulting xerogel, which has a very different texture than 

the original gel, is still very porous. It is thus possible to subject it to a thermal treatment at 

varying temperatures depending on the type of material and desired properties. Depending on 

the temperature, this thermal treatment produces a more packed xerogel, or all-oxide material. 

b. Air-gel 

 Obtained during supercritical drying (in a high-pressure autoclave) with no or little 

volume reduction. It is a very open structure with a lot of macro porosity. Air-gel, for 

example, enables the production of controlled-size nano-powders. 
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II.1.3.5.4. Thin films elaboration via sol-gel method 

The obtaining of a stable soil is a critical step in the production of thin films via the 

sol-gel method. This necessitates monitoring the reaction steps of the sol-gel process, which 

frequently involves the use of chelating agents (nucleophile molecules, XOH). Organic acids 

(acetic, citric, malic...), β-dicetones, or poly-hydroxyl ligands are extremely effective at 

controlling the reactivity of transition metal alkoxides [13,14]. 

 The ß-dicetones, in particular, have a highly reactive hydroxy group, allowing these 

ligands to easily react with metal alcoxydes. Various techniques can be used to form thin 

films using the sol-gel method. The most advanced, such as spin-coating and dip-coating, 

allow for uniform and controlled film thickness (from a few tens to hundreds of nano metres 

of thickness per layer). The technique chosen is determined by the properties of the substrate. 

Such as its geometry or size, as well as specific properties desired for the thin films 

(transparency, thickness, etc...). 

II.1.3.5.4. 1.Dip-coating 

 This method of forming thin films simply consists of immersing the substrate at a 

controlled speed in the solution containing the stabilized sol and removing it after a certain 

immersion time, always at a controlled speed. to obtain a film of regular thickness [16]. 

During the withdrawal, the liquid will flow on the substrate which will be covered with a 

uniform layer at the end of the flow. The three steps of this method are illustrated in Figure 

(II.2). 

 

-1- Soaking                          -2- Withdrawal                    -3- Drying 

Figure II.2. Dip coating principe [16]. 
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 Dip-coating offers many advantages such as inexpensive installation, simplicity of the 

process, uniformity of the deposit and the possibility of coating complex-shaped substrates 

(tubes, cylinders, etc.). Viscosity, solution concentration, withdrawal rate, and immersion 

time affect film thickness. Other technical conditions, such as the regularity of the 

displacement and the inclination of the substrate, can also influence in more or less significant 

proportions the thickness of the deposited films. 

II.1.3.5.4. 2.Spin-coating 

This method is distinguished by four steps [14], which are summarized in figure (II.3): 

(1) The placement of a controlled amount of solution on a substrate. 

(2) High-speed rotation causes liquid to flow to the surface of the substrate under the 

action of centrifugal force 

(3) Constant-speed rotation results in the ejection of excess liquid in the form of droplets 

and the uniform reduction of film thickness. 

(4) Evaporation of the most volatile solvents favoring the liquid-solid transformation (sol-

gel) and reducing the thickness of the deposited film. 

 The control of the thickness of the film is possible thanks to the modification of 

certain parameters related to the spin-coater (speed of rotation, acceleration, etc.) and/or to the 

deposited solution (volume, concentration and viscosity of the solution in particular). Indeed, 

the higher the speed, acceleration or rotation time, the thinner the film. On the other hand, the 

higher the volume, concentration or viscosity of the deposited sol, the thicker the layer. 

(1) Deposition of 

the solution 

(2)Acceleration 

step 

(3)Rotation at 

constant speed 

(4)Drying 

(evaporation of 

solvents) 

 

Figure II.3. Spin coating principe [16]. 
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 This technique is easy to implement, fast, reproducible and it gives excellent results on 

flat substrates of small or large size, preferably centro-symmetrical (round, square). 

In this thesis, spin-coating method has been adopted to elaborate pure and doped NiO thin 

films. 

II.1.4. NiO thin film characterization techniques 

II.1.4.1. Structural characterization 

 The X-ray diffraction technique is a popular method for characterizing material 

structure. This technique is only applicable to crystallized materials (poly or mono 

crystalline). 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                  (II.5) 

With n: degree of reflection. In our study, we will limited to the first order, where λ is the 

length of the X-ray beam's wave, θ is the angle of diffraction, and dhkl is the inter-reticular 

distance [17]. 

 In this work, we have used a BRUKER-AXS diffractogram of type D8 (University of 

Biskra), as shown in figure (II.4). The X-ray source was created from CuKα radiation, with a 

wavelength of 1.5405A° and an acceleration tension of 30-40kV and a current of 20-30 mA. 

The study of the X-ray spectrum allows for the determination of a large number of 

information about the structural and microstructural properties of the sample to be analyzed, 

such as: crystalline structures, crystallite size, measuring lattice parameters and the preferred 

orientation of a texture, and structural defect rates. The ray's angular positions allow us to 

calculate the distances between plans using Bragg's law (Eq.II.5) and thus arrive at the lattice 

parameters. The positions and intensities of diffraction rays in the majority of known 

materials have been studied and are catalogued in data bases in the form of fiches, for 

example (JCPDS: Joint Committee for Powder Diffraction Standards NiO 47-1049). The 

comparison of an experimental spectrum with these data allows for the identification of the 

nature of each phase constrictive of thin films. 
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Figure II.4. BRUKER-AXS type D8 Diffractometer 

II.1.4.1.1. Crystallite size calculation  

The values of the crystallite’s sizes G of the various samples have been calculated using the 

Scherrer equation shown below: 

𝐺 =
0.9𝜆

ß𝑐𝑜𝑠𝜃
                                                            (𝐼𝐼. 6) 

Were G: is the crystallite  

ß: the width at half maximum. 

λ: is the X ray wave length (λ=0.15406 nm). 

Θ: is the diffraction angle. 

II.1.4.1.2. Lattice parameters calculation 

It is well known that NiO exhibits a cubic face centered structure (cfc). Thus, nickel oxide 

lattice parameter are given by the following relationship: 

𝑎 = 𝑑ℎ𝑘𝑙 . √ℎ2 + 𝑘2 + 𝑙2                                            (II.7) 

lattice parameters are affected by macro-strain and the presence of lattice defects such as 

atomic gaps or substitutional and interstitial atoms [18]. 

II.1.4.1.3. Stress-Strain calculation: 

Stress is the internal forces of matter. 
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 If each crystallite is subjected to a different constraint, the result is a superposition of 

neighboring peaks. If these forces cause crystalline lattice deformation (elastic deformation), 

the interarticular distances will change, and the position of the peaks will be altered. If the 

peaks decay is measured, the stress strain values of the prepared samples can be determined 

[18].  

 The equation below explains the relationship between stress σij, strain εij and the elastic 

constants Cij of the lattice. 

𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙 . 𝜀𝑘𝑙                                                           (II.8) 

 The effect of lattice strain is manifested on diffractograms by a shift in diffraction 

peaks. Lattice parameters can be determined by comparing the obtained XRD pattern with the 

recorded (JCPDS) files. The dislocation density δ; the dislocation line per volume unit, using 

the equation below [19]. 

𝛿 =
1

𝐷2
   , 𝑁 =

𝑑

𝐷3
                                           (II.9) 

Where d:  is the thickness of the thin film, and D: is the crystallite size. 

Also stress is calculated using the following formulla[17] : 

𝜀 =
ß.𝑐𝑜𝑠𝜃

4
                                                 (II.10) 

II.1.4.2. Optical Characterization   

 The Optical characterization allows for the identification of a large number of 

parameters. They have the advantage, in comparison to electrical methods, of being non-

destructive and not requiring completion. Always delicate, with ohmic contacts. They only 

require a transparent substrate in the range of the wave length to be explored. There are two 

different optical characterization methods [20].  

a. Methods for analyzing the optical properties of a material, such as transmittance 

measurements, refraction measurements, allow for the determination of material 

thickness, optical gap, and refractive index, whereas ellipsometric measurements only 

determine sample thickness. It's worth noting that a simulation method was used to 

estimate the thickness of the material, the optical gap, and the refractive index. 

b. Methods that investigate the optical response of a material to an excitation, such as 

photo and cathode-luminescence, as well as photo-courant, which determines the 

material's gap directly, are not used in this work. 
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II.1.4.2. 1. UV-visible spectroscopy 

The fields of spectroscopy are generally distinguished by the range of the wave length in 

which measurements are taken. The following fields can be distinguished: UV-visible, UV-

visible-near infrared, infrared, and micro-waves. In our case, we used a UV-visible 

spectrophotometer with dual apertures, the operation of which can be seen in Figure II.5. We 

were able to trace the curves representing the variation in transmittance using this method vs 

the wavelength in the range (300-1000nm). It is possible to estimate the thickness of the film 

and determine its optical properties by using these curves. the optical absorption threshold, 

the absorption coefficient, the width of the forbidden band, the Urbach energy, and the 

refractive index. 

 

Figure II.5. Schematic representation of UV-Visible spectrometer [21] 

II.1.4.2. 2. Measurement of optical properties 

 The optical properties of transparent conductor oxydes (TCO) are interesting for a 

variety of applications.Particularly for photoprotective coating [20]. Also, optical 

characterisation entails determining the major optical magnitudes: the index of refraction, the 

coefficients of absorption and extinction, the thickness, the optical gap, and the Urbach 

energy. 

II.1.4.2. 2.3.  Measurement of thickness 

 We used for measuring the thickness of our samples a simulation method that uses a 

program ( Hebal Optic) to determine optical constants based on transmission spectrum data in 

the ultraviolet and visible ranges. We took the measurements with a spectrophotometer UV-
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Vis of type (SHUMATZU 1800) with double beams, one for reference (the glass: because it 

does not absorb light in the spectral domain), the other for the preared sample (the glass + the 

thin layer of NiO); the spectral range ranges from 300 to 1000 nm with an 8 nm resolution. 

The obtained spectra show the variation in relative transmittance T(%) of the layer as a 

function of wavelength (nm). On the figure (II.6), we show a typical appearance of a spectrum 

obtained in one of our thin films. 
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Figure.II.6. Typical transmittance spectra of a pure NiO thin film prepared by spin coating. 

The abrupt drop in transmission for shorter wavelengths in the interval (300-370 nm) 

corresponds to the threshold of absorption energy of our NiO due to the transition between its 

valence and conduction bands [22]. The value measured between 400 and 700nm gives the 

average transmittance of the prepared films. There is another method for weigh measurements 

in which it calculates the thickness (t) is the gravimetric method of weight difference while 

accounting for the density of NiO, which is 6.7 gm/cm3, as defined by the following equation 

[23]:   

𝑑 = ∆𝑚 𝐴. 𝜌⁄                                                    (II.11) 

d: is the thin film thickness, m is the different mass distributions (before and after), ρ is the 

density, and A is the thin film's surface.  There is a third method, which is the method of 

fringes interferences, but it has not been used due to the lack of interferences in nearly all of 

our NiO samples.  

II.1.4.2. 2.4. Determination of the absorption coefficient 

The coefficient of absorption and the coefficient of extinction k of the material that 

makes up a layer can be calculated using the transmission spectrum. Using the Bouguer-
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Lambert-Beer relation, or as it is commonly known, the Beer law, which is given by the 

following relation [22]  

𝑇 = exp (−𝛼𝑑)                                            (II.12) 

d: is the film thickness, T: is the transmittance in (%), α: id the absorption coefficient(cm-1), 

 k: is the extinction coefficient (without unity). 

𝛼 =
1

𝑑
ln (

100

𝑇(%)
)  ; 𝑘 =

𝛼𝜆

4𝜋
                                       (II.13) 

 It should be noted that this calculation assumes that (1-T) is the absorption of the 

layer, despite the fact that some incident light is not absorbed, transmitted, but reflected.  This 

approximation is less useful as the thickness of the layer decreases. It is therefore necessary to 

exercise extreme caution when comparing for very different layer thicknesses. 

II.1.4.2. 2.5. Band gap and Urbach energy determination  

Many authors are interested in describing the distribution functions of energy states 

g(E) in energy bands. In the case of crystalline materials, the energy separating the valence 

band from the conduction band is precisely defined by eV and Ec. The energy Ec - eV 

corresponds to the energy of the forbidden band. The appearance of the distribution functions 

of energy states is a metaphor as shown in the illustration figure (II.7). When variations in 

inter-atomic distances, lengths, or angle of bands appear in a material, this is referred to as 

"disorder." In this case, the band boundaries described in the case of crystalline lattice and 

delimited by eV and Ec may disappear. It is observed what is known as localized states, 

which are formed by a band tail at the borders of the prohibited band in the valence and 

conduction band figure (II.8). The states extending are found for energies greater than Ec and 

less than eV. When the disorder becomes too great (for example, the appearance of 

intermittent connections or impurities in the material), tails may be formed [25]. 
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Figure II.7. Energy states distribution function of a crystallized semiconductor [25] 

 

 

Figure II.8.  Function of distribution of energy states in bands: Encroachment of tails in the 

bands [25] 

Urbach parameter (Eu), which corresponds to transitions between the extending states 

of the valence band and the localized states of the conduction band. The model is used to 

determine the optical gap [25]. 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                            (II.14) 
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A is a constant that reflects the degree of disorder in the amorphous solid structure, Eg is the 

optical gap expressed in eV, hν is the photonic energy in eV. Drawing (αhν)2 vs (hν) and by 

extending the linear portion of α2 until the axe abscissa (α2=0) the value of Eg is calculated as 

shown in figure (II.9).  

 

Figure II.9.  Energy gap determination of a nickel oxide thin film [26] 

Another important parameter that characterizes material disorder is Urbach's energy 

[26]. The Urbach law states that the absorption coefficient is expressed as [27] 

𝛼 = 𝛼0exp (
ℎ𝜈

𝐸𝑈
)                                                 (II.15) 

Tracing ln(α) as a function of hν. The Eu energy can be obtained using the plotting ln(α) vs. 

hνand fitting the linear part of the curve with a straight line. The reciprocal of the slope's 

linear region gives up the Eu value. 

ln(𝛼) = ln(𝛼0) +
ℎ𝜈

𝐸𝑢
                                               (II.16) 

II.1.4.3. Electrical properties measurements 

The conductivity of a material σ (or its inverse property, resistivity ρ, where =1/σ) 

corresponds to its ability to conduct electricity. Conductivity in semiconductor materials is 

ensured by carrier mobilities and the number of available charge carriers (electrons or holes). 

Different mechanisms for conductivity measurement existed, as did their reliance on 



Chapter II EXPEREMETAL AND THEORITCAL BACK GROUNDS 

 

 Page 51 
 

temperature. In semiconductors, it has been reported that as temperatures increase, 

conductivity increases (more carriers are generated). However, conductivity decreases with 

increasing temperature in metals (more scattering by the lattice). Furthermore, conductivity is 

related to crystalline structure. Because the electronic structure is typically attached to the 

crystal structure, the crystal type and orientation affect conductivity. The size of the 

crystallites (grains) in polycrystalline materials is also an important parameter because it 

affects carrier scattering and, at very small sizes, the electronic structure.  

II.1.4.3.1. Resistivity measurements 

Four-point probe measurements are used to determine the resistivity of a bulk or thin 

film sample. The use of four contacts instead of two, as in a traditional resistance 

measurement, allows one to disregard the resistance of the points and only measure the 

resistance of the sample. Figure (II.10) illustrates the four-point probe measurement setup. As 

shown in figure (II.10), a current, I, is passed through the sample, and the voltage, V, is 

measured. The specific resistivity of the sample can then be calculated. When the distance 

between the limits is significantly greater than the thickness of the thin film (d<<a) The lateral 

dimensions can be thought of as infinite. 

In this case, a bi-dimensional conduction model is considered and provides 

𝑈

𝐼
= 𝐾

𝜌

𝑑
                                                          (II.17) 

Were ρ is the resistivity and d: is the thickness of the films. An important surface electrical 

property in the field of TCOs is the surface resistance RS defined as the ratio of the resistivity 

to the thickness of the thin film depending on the relationship were Rsq(a). 

𝑅𝑠𝑞 = 𝐾
𝑈

𝐼
=
𝜌

𝑑
                                                   (II.18.a) 

K: is a coefficient and Rsq: is the ratio between voltage U and current I. considering a 

cylindrical propagation of the field lines in the thin film, the coefficient K is ln(2)/π is equal to 

4.532. According to the relation (II.18.a) and the previous considerations, we have the 

formula (II.18.b) to deduce the resistivity ρ (b) from the measurement four points knowing the 

thickness: 

𝜌 = (
ln (2)

𝜋
.
𝑈

𝐼
) . 𝑑 = 𝑅𝑠𝑞 . 𝑑                                    (II.18.b) 
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Figure II.10.  Schematic of four points probe configuration [28] 

II.1.4.3. 2. Conductivity measurements 

The electrical measurements that we have taken are mostly about current-tension 

characteristics I (V). To calculate the resistance of the layer, the calculation of the electrical 

conductivity depends on the electrical resistance, R of the intrinsic layer, thus even geometric 

parameters (inter-electrode distance L, the thickness d and the section of the conductive thin 

film S) [29]. The conductivity σ is related to these parameters by the following relationship 

𝜎 = (
𝐿

𝑆
) (

1

𝑅
) (II.19( 

II.2. Theoretical Approach 

II.2.1. Introduction 

Computational materials science has emerged as a new interdisciplinary field of 

science and technology as a result of the accessibility of huge advancements in computer 

technology. Nevertheless, it wouldn't have been as successful without contemporary density 

functional theory (DFT). However, the electrons and nuclei determine the properties of 

condensed matter and molecules. The study of electrons reveals important information about 

matter's electronic, magnetic, optical, and bulk properties. Calculations of electronic structure 

can be divided into ground state and excited state properties. Elastic properties, charge density 

and equilibrium volumes, among many other interesting properties of matter, can be derived 

for the ground state. Electronic excited states, on the other hand, offer beneficial details about 

optical properties. Although there have been a number of electronic structure methods 

developed over the years, density functional theory (DFT) is the method most frequently used 
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for solid systems [30]. DFT is an accurate theory for predicting the properties of new 

materials, validating experimental data, and explaining new phenomena discovered in 

experimental work. 

II.2.2. The Many Body Problem 

In order to determine a material's properties from first principals, a quantum many-

body interaction problem must be solved over both the coordinates of the atomic nuclei and 

the electrons. 

Ĥ𝜓({𝑅𝐼}, {𝑟𝑖, 𝜎𝑖}) = 𝐸𝜓({𝑅𝐼}, {𝑟𝑖, 𝜎𝑖})                                 (II.20) 

whereby for a system containing M nuclei and N electrons the many-body wave-function (ψ) 

is a function of all the spatial coordinates of nuclei ({RI}, I=1....M) along with the spatial and 

spin coordinates of electrons({ri,σi}, i=1,…,N ). The sum of all potential interactions between 

electrons and nuclei makes up the Hamiltonian (H). In Hartree and Bohr units of length and 

energy, respectively 𝑒2 = 𝑚𝑖 = ħ = 1. where h is the Plank constant, e and mi are the electric 

charge and mass of an electron, respectively [31].Ĥ  is The enlarged form of h  

Ĥ = −∑
∇𝑖
2

2
−

𝑁

𝑖=1

∑
∇𝐼
2

2𝑀𝐼
+∑∑

1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗>𝑖

𝑁

𝑖=1

+∑∑
𝑍𝐼𝑍𝐽

|𝑅𝐽 − 𝑅𝐽|

𝑀

𝐽>𝐽

𝑀

𝐼=1

−∑∑
𝑍𝐼

|𝑟𝑖 − 𝑅𝐼|

𝑀

𝐼=1

𝑁

𝑖=1

  (𝐼𝐼. 21)

𝑀

𝐼=1

 

The kinetic energy of all the electrons and nuclei are represented by the first two terms in Eq. 

(II.21), and the Coulomb repulsion between electrons and nuclei is represented by the third 

and fourth terms, respectively. The fifth term represents the Coulomb attraction between 

electrons and nuclei. The many-electron Schrödinger equation is thought to be able to predict 

and describe practically every phenomenon encountered in daily life. Although it seems 

straightforward in form, it is incredibly difficult to solve. Therefore, in order to simplify the 

situation, it is necessary and preferable to evaluate physical quantities of interest using 

acceptable approximations. Separation the dynamics of the electrons and the nuclei yields the 

Born-Oppenheimer approximation, which is the first significant approximation. 

II.2.3. Born Oppenheimer approximation 

Born and Oppenheimer [32]. made the so-called Born-Oppenheimer (BO) 

approximation in 1927.Because nuclei are substantially heavier than electrons (the mass of a 

proton is approximately 1836 times that of an electron), the nuclei move roughly two orders 
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of magnitude more slowly than the electrons. Consequently, nuclei and electron motion can 

be separated. Since it is possible to assume that the positions of nuclei are fixed while 

considering electron motion, the whole wave-function can be expressed as follows [31, 34]  

Ĥ = −∑
∇𝑖
2

2
+

𝑁

𝑖=1

∑∑
1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗>𝑖

𝑁

𝑖=1

−∑∑
𝑍𝐼

|𝑟𝑖 − 𝑅𝐼|

𝑀

𝐼=1

𝑁

𝑖=1

                             (𝐼𝐼. 22) 

The Schrödinger equation involving the electronic Hamiltonian Ĥe  becomes  

Ĥ𝑒𝜓𝑒({𝑅𝐼}, {𝑟𝑖, 𝜎𝑖}) = 𝐸𝑒𝜓𝑒({𝑅𝐼}, {𝑟𝑖, 𝜎𝑖})                               (II.23) 

Additionally, to make things simpler, the electronic spatial and spin coordinates ({𝑟𝑖;𝜎𝑖}) are 

combined into a single variable, and Eq. (II.22) is rewritten as 

Ĥ𝑒𝜓𝑒({𝑅𝐼}, {𝑋𝑖}) = 𝐸𝑒𝜓𝑒({𝑅𝐼}, {𝑋𝑖})                                (II.24) 

II.2.4. Hartree approximation 

The Hartree technique is helpful as a foundation for understanding self-consistency 

and the self-consistent-field concepts as well as for solving the many-particle problem [35] 

Kinetic energy and the nucleus-electron interaction terms in Eq. (II.22) are sums of single-

particle operators, every one of which affects a single electrical coordinate. While acting on 

pairs of electrons, the electron-electron interaction term is a pair interaction. The following 

definition is made to help with the next mathematics. 

Ĥ𝑒 =∑ ĥ1
𝑖

(𝑥⃗𝑖) +
1

2
∑ ĥ2
𝑖≠𝑗

(𝑥⃗𝑖, 𝑥⃗𝑗).                                   (II. 25) 

Because xi⃗⃗⃗  is now a generalized coordinate that contains both spatial and spin degrees of 

freedom. So the Schrodinger equation can now be expressed as follows: 

(∑ ĥ1(𝑥⃗𝑖)

𝑖

+
1

2
∑ ĥ2
𝑖≠𝑗

(𝑥⃗𝑖, 𝑥⃗𝑗))𝜓(𝑟1, 𝑟2, … , 𝑟𝑁) = 𝐸𝜓(𝑟1, 𝑟2, … , 𝑟𝑁).         (𝐼𝐼. 26)   

The Hartree method is an approach based on wave-function variation. Despite it is a many-

body technique, the approach accompanied is that of a single-particle picture. i.e electrons are 

seen as filling single-particle orbitals that comprise the wave-function. We suppose that the 

trial wave-function is generated from these single particle orbitals in order to use the 

variational principle. Assume there are n random one-particle states ψ(r1), ψ(r2),…, ψ(rN).We 

ought to consider them as an orthonormal set because it will make calculating expectation 

values easier. Their direct product is the simplest wave-function that may be created. 

𝜓(𝑟1, 𝑟2, … , 𝑟𝑁) = 𝜓(𝑟1, 𝑟2, … , 𝑟𝑁).                                   (𝐼𝐼. 27) 
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The variational lowest energy can be calculated using the Hawtree approximation. Every 

function in Eq. (II.27) is normalized to one. In this state, we can determine the expected value 

of H [36].                

〈𝐻〉 = ∑∫𝑑𝑟𝑖
3 𝜓∗(𝑟𝑖) (

−∇𝑖
2

2
−
𝑍

𝑟𝑖
)𝜓(

𝑁

𝑖=1

𝑟𝑖) +∑∑
|𝜓𝑖(𝑟𝑖)|

2|𝜓𝑗(𝑟𝑗)|
2

|𝑟𝑖 − 𝑟𝑗|𝑗𝑖>𝑗

 (𝐼𝐼. 28) 

The variational principle technique is to choose the ψi(ri)such that <H > is a minimum, and 

then Eq. (II.9) results in the condition that 

[−
∇𝑖
2

2
−
𝑍

𝑟𝑖
+ 𝑉𝐻] 𝜓𝑖(𝑟𝑖) = 𝐸𝑗𝜓𝑖(𝑟𝑖)                          (𝐼𝐼. 29) 

Where VH represents the Hartree potential 

𝑉𝐻(𝑟𝑖) = ∑∫𝑑𝑟𝑗
3
|𝜓𝑗(𝑟𝑗)|

2

|𝑟𝑖 − 𝑟𝑗|
                                     (𝐼𝐼. 30)

𝑖≠𝑗

 

II.2.5. Hartree-Fock Approximation. 

The Hartree-Fock (HF) technique is used to study electron-electron interactions at the 

mean field level, including Hartree and exchange interactions. The simple sum of the 

wavefunctions in Eq. (II.27) does not satisfy the indistinguishability principle and does not 

satisfy antisymmetric which implies that for odd permutations of the electronic variables, a 

fermion wave-function changes sign. However, an anti-symmetric solution can be constructed 

by inserting the following determinant, known as the Slater determinant.[37] 

𝜓(𝑟1, 𝑟2, … , 𝑟𝑁) =
1

√𝑁!
|

𝜓1(𝑟1) 𝜓1(𝑟2) … 𝜓1(𝑟𝑁)

𝜓2(𝑟1) 𝜓2(𝑟2) … 𝜓1(𝑟𝑁)
⋮

𝜓𝑁(𝑟1)
⋮

𝜓𝑁(𝑟2)
⋱
…

⋮
𝜓𝑁(𝑟𝑁)

|                  (𝐼𝐼. 32) 

The exchange of two particles is analogous to the exchange of two columns, which results in a 

change of sign according to the previously established characteristics of determinants. It is 

worth noting that if the determinant is zero, two rows are equal. As a result, each ψi must be 

different. This exemplifies Pauli's exclusion principle, which states that two (or more) 

identical fermions can't be in the same state. The HF potentials can be calculated by 
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 minimizing the total ground-state energy, and Eq (II.31) directly leads to the HF potentials. 

The HF potentials can be calculated by reducing the total ground-state energy, thus Eq (II.31) 

leads straight to the HF mean-field. self-consistent field equation 

[−
∇𝑖
2

2
−
𝑍

𝑟𝑖
+ 𝑉𝐻 + 𝑉𝑖

𝑥] 𝜓𝑖(𝑟𝑖) = 𝐸𝑗𝜓𝑖(𝑟𝑖)                      (𝐼𝐼. 32) 

where 𝑉𝑖
𝑥is a non-local potential, sometimes known as the exchange potential due to the anti-

symmetric aspect of the wavefunction, (Eq. II.33): 

𝑉𝑖
𝑥(𝑥𝑖)𝜓𝑖(𝑟𝑖) = [∑∫𝜓𝑖

∗(𝑟𝑗)
−1

|𝑟𝑖 − 𝑟𝑗|
𝜓𝑗(𝑟𝑖)𝑑𝑟𝑗

𝑁

𝑗=1

]𝜓𝑖(𝑟𝑖)            (𝐼𝐼. 33) 

The HF equation (II.32), which includes the anti-symmetry of the wavefunction or exchange 

interaction, provides the one-electron approximation with the interacting fermions. This HF 

technique has been used to periodic systems, such as bulk and surface crystalline materials 

[38]. 

The nonlocal potential presents complications in the HF equation. One issue is that it provides 

an erroneous depiction of the spatial separation of the electrons in a complete many-electron 

interaction. This missing piece is commonly known as electron correlation. In quantum 

chemistry, the correlation energy is defined as the difference between the ground state HF 

energy and the actual ground state energy [31]. 

Besides the HF formalism, the HF approach is improved by taking electron correlation into 

consideration. 

II.2.6. Density Functional Theory (DFT) 

One of the most common computational techniques for exploring and anticipating material 

properties is density functional theory (DFT). It is a ground-state theory where the charge 

density is emphasized as an important physical quantity. FT has proven to be extremely useful 

in establishing structural and electrical properties in a wide range of materials. FT has been 

widely utilized in first-principles calculations aiming at characterizing and predicting the 

behavior of molecular and condensed matter systems for these reasons [39,40]  
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II.2.6.1. The Hohenberg-Kohn Theorem 

Consider a system of N interacting (spinless) electrons that is subjected to an external 

potential V (r), which is commonly the Coulomb potential of the nuclei. If the system 

possesses a nondegenerate ground state, there can only be one ground-state charge density 

n(r) for a given V (r). Hohenberg and Kohn established that for a given ground-state charge 

density n(r), there can be only one external potential V (r): 

𝑛(𝑟) = 𝑁∫|𝜓(𝑟1, 𝑟2, … , 𝑟𝑁)|
2𝑑𝑟1𝑑𝑟2…𝑑𝑟𝑁                       (𝐼𝐼. 34) 

Ψ is defined as the ground state wave-function. As a result of the Hohenberg and Kohn 

theorem, the ground-state charge density precisely defines the ground-state energy E. 

(Eq.II.35): 

𝐸[𝑛(𝑟)] = 𝐹[𝑛(𝑟)] + ∫𝑛(𝑟) 𝑉(𝑟)𝑑𝑟                      (𝐼𝐼. 35) 

however the internal energy F[n(r)] is a universal functional of n(r) (and not of V(r)), which is 

the charge density. In this approach, the N-body issue is precisely reduced by DFT to a 

determination of a 3-dimensional function n(r) that minimizes a functional E[n(r)]. 

II.2.6.2. Kohn-Sham Equations 

Kohn and Sham (KS) [41] redefine the problem in a more recognizable form, paving 

the path for DFT to be used in practical applications. The interacting electron system is 

transferred onto a non-interacting electron system with the same ground state charge density 

n(r). The charge density of a system of non-interacting electrons is expressed as a sum over 

one-electron orbitals (the KS orbitals) ψi(ri):  

𝑛(𝑟) =∑|𝜓𝑖(𝑟)|
2

𝑁

𝑖

                                                (𝐼𝐼. 36) 

N represents the electrons number. The Schrödinger equation's solutions are the KS orbitals 

[42]: 

[−
∇2

2
+ 𝑉𝐻(𝑟) + 𝑉𝑥𝑐(𝑟) + 𝑉(𝑟)]𝜓𝑖(𝑟) = (−

∇2

2
+ 𝑉𝐾𝑆(𝑟))𝜓𝑖(𝑟) = 𝐸𝑖𝜓𝑖(𝑟)     (𝐼𝐼. 37) 

where (Eq II.38) determines the energy functional E as follows: 

𝐸𝑡𝑜𝑡[𝑛(𝑟)] = 𝑇0[𝑛(𝑟)] + 𝐸𝐶𝑜𝑢𝑙[𝑛(𝑟)] + 𝐸𝑥𝑐[𝑛(𝑟)] + 𝐸𝑒𝑥𝑡[𝑛(𝑟)]  (𝐼𝐼. 38) 
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Etot is presummated to be true for any density n(r). T0(n) represents the anti-symmetrized 

product wave function  kinetic energy  (independent electrons),  the classical Coulomb energy 

term is defined by ECoul ,Eext(n)defines the potential energy existed between electrons and ions  

and Exc(n) is the exchange correlation energy, which takes into account all adjustments to 

these values brought on by electron correlation. 

II.2.6.3. Exchange-correlation energy 

The discrepancy between the exact ground-state energy and the energy calculated 

using the non-interacting kinetic energy and the HF approximation is explained by the 

exchange-correlation energy Exc(n); 

𝐸𝑥𝑐(𝑛) = 𝑇(𝑛) − 𝑇0(𝑛) + 𝑈𝑥𝑐.                                           (𝐼𝐼. 39) 

The interaction between the electrons and their own exchange-correlation hole is represented 

by Uxc, while T(n) and T0(n) are exact and non-interacting kinetic energy functionals, 

respectively. The classical electrostatic interaction between the electron density n(r) and the 

hole density nxc(r',r) can also be used to express the exchange-correlation energy. 

𝐸𝑥𝑐[𝑛(𝑟)] =
1

2
∫∫𝑑𝑟𝑑𝑟′

𝑛(𝑟)𝑛𝑥𝑐(𝑟, 𝑟′)

|𝑟 − 𝑟′|
                                  (𝐼𝐼. 40) 

Approximations are being investigated for E'xc[n], which, despite containing contributions 

from kinetic energy, is commonly referred to as the Exchange-correlation functional and 

expressed as Exc[n]. The subsections that follow explain some common exchange-correlation 

functional approximations that are used in practicable DFT codes. 

II.2.6.4. Local density approximation (LDA) 

All approximate exchange-correlation functionals are based on the local density 

approximation (LDA). The basic idea of uniform electron gas is at the heart of this model. In 

this system, the electrons move on a positive background charge distribution, resulting in a 

neutral ensemble. Exchange and correlation's effects are local in character. Additionally, in 

LDA, the exchange-correlation energy is presumptively just an integral over the entire space, 

with the exchange-correlation energy density at each point. and assumed to be identical to that 

of a homogeneous electron gas at that density [43]. 
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𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛(𝑟)] = ∫𝑑𝑟 ∈𝑥𝑐 [𝑛(𝑟)]𝑛(𝑟)                           (𝐼𝐼. 41) 

The exchange-correlation energy per electron in a homogeneous electron gas n(r) is 

represented in this case by 𝜖xc[n(r)]. Usually, the energy per particle is a representation of the 

number of electrons per unit volume and is weighted with the possibility that an electron 

could exist at this position.  

The exchange-correlation energy 𝜖 xc[n(r)] is made up of two parts: the exchange 

energy per electron 𝜖x[n(r)], which represents the exchange energy of an electron in a uniform 

gas with density n(r), and the correlation energy 𝜖c[n(r)], which represents the correlation 

energy of an electron in a uniform gas with density n(r)[31,34]. 

∈𝑥𝑐 [𝑛(𝑟)] =∈𝑥 [𝑛(𝑟)] +∈𝑐 [𝑛(𝑟)]                                   (𝐼𝐼. 42) 

The exchange-correlation potential is calculated using the exchange-correlation energy 

functional and is often stated as 

𝑉𝑥𝑐
𝐿𝐷𝐴(𝑟) =

𝛿𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛(𝑟)]

𝛿𝑛(𝑟)
                                                (𝐼𝐼. 43) 

II.2.6.5. Local spin density approximation (LSDA) 

The exchange of density functionals to spin-polarized systems is simple, where the 

actual spin-scaling has been determined, although for correlation further approximations need 

to be utilized. In DFT, a spin polarized system has two spin densities, up and down 𝑛 ↑

&𝑛 ↓however: 

𝑛(𝑟) = 𝑛↑(𝑟) + 𝑛↓(𝑟)                                             (𝐼𝐼. 44) 

and the local-spin-density approximation (LSDA) is denoted as [33,44,45] 

𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝑛↑, 𝑛↓] = ∫𝑟𝜖𝑥𝑐[𝑛

↑(𝑟), 𝑛↓(𝑟)]𝑛(𝑟) 

                      = ∫𝑑𝑟𝑛(𝑟){𝜖𝑥𝑐[𝑛
↑(𝑟), 𝑛↓(𝑟)] + 𝜖𝑐[𝑛

↑(𝑟), 𝑛↓(𝑟)]}                                     (𝐼𝐼. 45) 

                            = ∫𝑑𝑟𝑛(𝑟){𝜖𝑥𝑐[𝑛, 𝜉] + 𝜖𝑐[𝑛, 𝜉]} 
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The fractional spin polarization ξ(r) is described as follows [46]  

𝜉(𝑟) =
𝑛↑(𝑟) − 𝑛↓(𝑟)

𝑛(𝑟)
                                                      (II. 46) 

The local spin-density functional of the total electron spin densities 𝑛𝜎(𝑟) where the spin 𝜎 =

↑, ↓ in LSDA, is 𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝑛] 

The 𝛿𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝑛]can be expressed as  

𝛿𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝑛] =∑∫𝑑𝑟 [∈𝑥𝑐+ 𝑛

𝜕 ∈𝑥𝑐
𝜕 ∈𝑥𝑐

] 𝛿𝑛(𝑟, 𝜎),                      (𝐼𝐼. 47)

𝜎

 

 so the exchange  correlation potential becomes 

𝑉𝑥𝑐
𝜎 =

𝛿𝐸𝑥𝑐
𝛿𝑛𝜎(𝑟)

= [∈𝑥𝑐+ 𝑛
𝜕 ∈𝑥𝑐
𝜕 ∈𝑥𝑐

] 𝑟, 𝜎                             (𝐼𝐼. 48) 

In solids, the broad range of exchange and correlation effects is limited. The fact that the 

LSDA reproduces the exchange-correlation hole contributes to its success. 

II.2.6.6. Generalized Gradient Approximation (GGA) 

The use of Generalized Gradient Approximation (GGA) functionals can increase the 

accuracy offered by the LDA. A functional form is used in GGA to guarantee that the 

exchange hole and normalization condition are both clearly negative. These depend on the 

charge density's value as well as its gradient, but they maintain the LDA's exchange-

correlation hole's fundamental analytical characteristics [47]. 

𝐸𝑥𝑐
𝐺𝐺𝐴 = ∫𝑑𝑟𝑛(𝑟) ∈𝑥𝑐 [𝑛(𝑟), ∇𝑛(𝑟)]                            (𝐼𝐼. 49) 

Because of their reliance on n(r), GGA functionals are frequently referred to as "semi-local" 

functionals. Those functionals are known to satisfy certain specified conditions, which the 

precise functional must also satisfy. GGA can produce improved results for several properties, 

such as geometries and ground state energies of molecules and materials. GGA outperforms 

LDA, particularly for covalent bonds and weakly bound systems. It produces substantially 

superior atomic energies and binding energies at a minor computational expense. The LDA, 

LSDA, and GGA approximations effectively approximate many ground state properties of 
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systems, including ground state energy, band structure, charge density, and density of states, 

forces acting on atoms, alongside vibrational properties. Nevertheless, they are not applicable 

for excited states and unable to model the properties of a number of other materials, 

particularly transition metal oxides and strongly correlated systems, in which band gaps are 

always underestimated [48]. 

II.2.6.7. DFT+U Approximation 

DFT+U, additionally termed as LDA+U or GGA+U in, is a method for describing 

strongly correlated electron systems, particularly in transition metal oxides and transition 

metals. Anisimov et al. developed the initial expression of the LDA+U method in 1997 [49].  

The majority of the generally established exchange-correlation functionals, including the 

LSDA and GGA functionals, fail to describe the exchange-correlation energy of a system 

with a high tendency for electron localization and interaction. The failure of the LSDA in 

strongly correlated oxides (transition metal oxides, rare-earth compounds) has been associated 

to an imprecise explanation of the strong Coulomb repulsion between 3d and or 4f electrons 

localized on metal ions. The LDA and its expansions misjudge local magnetic moments and 

the tendency of such materials to favour high-spin ground states, as well as the insulating gap 

in circumstances when it is dependent on electron localization. 

Due to the absence of the derivative discontinuity with regard to orbital occupancy in 

the accurate exchange-correlation functional and of the exchange splitting induced by local 

magnetic moments, the gap in the LSDA and GGA is underestimated. As a result, it is 

preferable to include the on-site Coulomb interaction term in the exchange-correlation 

functional. The DFT+U correction term is commonly assumed to be an explicit mean-field 

treatment of the exchange-correlation energy given by the correlated sites throughout the 

Hubbard model. DFT+U provides a double-counting correction to account for the 

contribution previously contained in the LDA term. The Hubbard U parameter characterizes 

the on-site Coulomb repulsion between 3d electrons. The density matrix can be used to 

express the LSDA+U functional as [50]  

 

𝐸𝑥𝑐
𝐿𝑆𝐷𝐴+𝑈 = 𝐸𝑥𝑐

𝐿𝑆𝐷𝐴 +
𝑈 − 𝐼

2
∑[∑𝜎𝑚𝑚

𝜎 − ∑ 𝑛
𝑚𝑚′
𝜎 𝑛

𝑚′𝑚
𝜎

𝑚𝑚′𝑚

]          (𝐼𝐼. 50)

𝜎
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in which J denotes the spin-spin exchange interaction parameter, 𝑛𝑚𝑚′
𝜎  is the (mm') an 

element of the density matrix of d electrons with the spin configuration 𝜎 as well as orbital 

magnetic quantum numbers m and m'. As a result, Eq. (II.50) can be used to calculate the mm' 

matrix element of the (one-electron) LSDA+U exchange-correlation potential [51]. 

𝑉
𝑚𝑚′
𝜎 =

𝛿𝐸𝑥𝑐
𝐿𝑆𝐷𝐴+𝑈

𝛿𝑛𝑚′𝑚
𝜎 =

𝛿𝐸𝑥𝑐
𝐿𝑆𝐷𝐴

𝛿𝑛𝑚′𝑚
𝜎 + (𝑈 − 𝐽) [

1

2
𝛿𝑚𝑚′ − 𝑛𝑚𝑚′

𝜎 ]     (𝐼𝐼. 51) 

Pickett et al [52] made an important addition in 1998 by slightly modifying the functionals 

and introducing a linear response technique for obtaining the Hubbard parameters. The 

relations bellowed fine U and J.  

𝑈 =∈3𝑑
↑ (

𝑛̅

2
+
1

2
,
𝑛̅

2
) −∈3𝑑

↑ (
𝑛̅

2
+
1

2
,
𝑛̅

2
− 1)                          (𝐼𝐼. 52) 

 

When the d occupancy varies by one around a mean polarization of unity, and  

𝐽 =∈3𝑑
↑ (

𝑛̅

2
+
1

2
,
𝑛̅

2
− 1) −∈3𝑑

↓ (
𝑛̅

2
+
1

2
,
𝑛̅

2
− 1)                      (𝐼𝐼. 53) 

 

this represents the difference between the up and down eigen values for unit spin polarization. 

The value of the LDA charge density is termed  𝑛̅  and the spin-up and spin-down 3d 

eigenvalues are represented by ∈3𝑑
↑ (𝑛↑, 𝑛↓) ∈3𝑑

↓ (𝑛↑, 𝑛↓). Usually, the terms U and J are 

frequently unified by describing U as an effective value, Ueff = U-J, and placing J = 0 [52]. 

So, in this investigation, as a result, all U values utilized are regarded as effective values.  

II.2.7. CASTEP 

Our calculations in this thesis were carried out using the CASTEP numerical modeling 

code (Cambridge Serial Total Energy Package). It is a prevalent simulation program in solid 

physics. It allows the execution of the first principles of quantum physics calculations that 

investigate the properties of crystals and surfaces in materials such as semi-conductors, 

ceramics, 

 and metals. It was created in 1988 by Payne et al [53,54]. CASTEP employs DFT to 

solve the Schrödinger equation. and employs periodic conditions and the Bloch theory, 

employing the local density approximation (LDA; Local Density Approximation) [55- 57]. 
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For the description of the energy exchange and correlation function, the calculations in this 

framework are carried out using the pseudo-potential and dual planes (PP-PW) technique. 

 This code is used to simulate total energy by utilizing special integration of k-points in 

the first Brillouin zone with a base of planes for the expansion of functions.  The symmetry of 

the system is used to reduce the number of k-points in the primitive cell. The forces exerted 

on the atoms, the tensile strength of the constraints, and thus the atomic movements and 

variations in the crystalline cell's parameters, are always symmetric.  
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III.1. Introduction 

This chapter is devoted to present and discuss the obtained results and it is subdivided 

into two parts: The first section presented results from characterization of pure and A-doped 

nickel oxide (NiO) (A=Li, Na, K and La) thin films at various concentrations (x = 3%, 6%, 

9%, 12%, 25%) using various techniques. The structural, electrical, and optical properties of 

NiO thin films are next examined. The second section of the chapter presented the results 

obtained from theoretical calculations using the DFT theory of the structural, optical, 

electronic and elastic properties of the as studied samples in the experimental part. Then the 

obtained theoretical results were compared wherever possible with their corresponding 

measured values. 

III.2. Experimental part 

III.2.1.   Experimental procedure and characterization techniques   

Pure, doped and co-doped NiO thin films were prepared by the sol gel spin coating 

method.0.2 M of nickel nitrate hexahydrate (Ni(NO3)2.6H2O) was dissolved in a mixture of 

80% ethanol and 20% distilled water to create the precursor solution. At room temperature, 

the mixture was agitated for two hours. MEA (Mono Ethanolamine) was added to the mixture 

as a stabilizer at a molar ratio of 1:1 to the amount of nickel nitrate while the mixture was 

being stirred. The obtained solution was kept at room temperature for one day in order to age 

it. To prepare Li-NiO, K-NiO, and Na-NiO samples, doping solutions were prepared by 

adding lithium, potassium, and sodium nitrates to the mixture mentioned above. Our thin 

films were grown on glass substrates that had been thoroughly cleaned with distilled water, 

acetone, and ethanol to get rid of any remaining grasses or contaminants. After dropping the 

prepared solution onto the substrate, it was spun for 30 seconds at 2500 rpm. To evaporate the 

solvents, the film was then heated to 220°C for ten minutes. The aforementioned process was 

carried out eight times. In order to improve their physical characteristics, the prepared films 

were lastly annealed for two hours at 500°C. To prepare each sample, the same protocol was 

adhered to. The structural studies were based on XRD characterization using CuK (λ= 

1.5418A°) radiation with 2 θ values ranging from 20° to 90° in 0.02 steps. Optical properties 

such as transmittance and band gap were measured using a UV-Visible spectrophotometer 
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with a wave length range of 300 to 1100 nm. Finally, the resistivity values were measured 

using the four probes method on a "Jandel RM 3000" apparatus at room temperature. 

III.2.2. Results and discussion 

III.2.2.1. Structural properties 

III.2.2.1.1. Structural properties of Pure and Alkali doped NiO: Ni1-xAxO (A=Li, Na and 

K) 

III.2.2.1.1.a. Structural properties of Li-doped NiO 

Figure (III.1) shows the XRD diffractograms of NiO thin films at different Li 

concentrations (0%, 3%, 6%,9%, 12%, and 25% at). These patterns show diffraction peaks at 

2𝜃 = (37.4, 43.4, 63.0, 79.6))which corresponds to (111) (200) (220) and (222) crystal plans 

respectively. The indexed peaks are fully corresponding with NiO cubic phase (JCPDS-00-

047-1049). We do not notice the presence of any peaks of impurities, which confirms the 

purity of the prepared samples. Unlike the intensity of (111) peak, the intensity of (200) peak 

is generally enhanced, especially at high Li-doping, which leads to the degradation of the 

(111) preferential orientation of NiO thin films. Similar results have also been reported earlier 

for Li doped NiO thin films in other reports using various techniques by I.Sta et all [1]; the 

(111) peak becomes wider (full width at half maximum), suggesting that the doping process 

leads to a decrease in the grain size. No peaks other than the NiO peaks are observed, which 

implies that lithium atoms may be incorporated in the NiO lattice. The cubic phase of the NiO 

matrix remains unaffected by the incorporation of lithium. The inter planar spacing dhkl and 

lattice parameter; ‘a’ had been calculated using the following relationship [2, 3]: 

𝑑ℎ𝑘𝑙 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
                                                                       (III-1) 

𝑎 = 𝑑ℎ𝑘𝑙√(ℎ2 + 𝑘2 + 𝑙2)                                                      (III-2) 

Where n is the order of diffraction (usually n = 1) and 𝜆 is the X-ray wavelength. (hkl): are 

Miller indices of the crystal planes. The lattice constant of Li-doped NiO samples decreases 

than slightly increases with increasing dopant concentration which implies that the smaller 

radius of the embedded Li+ (0.076 nm) ions results in this evolution of the lattice constant.  
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Figure III.1. X-ray diffraction patterns of pure and Ni1-xLixO (x=3%, 6%, 9%, 12%, 25%) 

Many crystal parameters, including grain size G [4] , dislocation density, and micro-

strain, can be derived from XRD data, using the following relationships respectively: 

𝐺 =
𝑘𝜆

𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃ℎ𝑘𝑙
                                                            (III.3) 

 

𝛿 = 1/𝐷2                                                                   (III.4) 

 

𝜀 =
𝛽1

2⁄

4 tan 𝜃
                                                                   (III.5) 

 

Were k is the shape factor constant (0.9), 𝜃ℎ𝑘𝑙  is Bragg angle, and  𝛽ℎ𝑘𝑙  is the peak 

broadening calculated crystallite size, strain and dislocation densities of pure and Ni1-xLixOare 

listed in table (III.1). The values of the average crystallite sizes were found to be 31.56 nm, 

20.68 nm, 20.69 nm, 28.97 nm, 36.20 nm, 28.96 nm for the undoped NiO film, the NiO:Li 

3%, Li6%, Li9%, Li12% and Li25% respectively table (III.1). We note that the crystallite size 

decreases than increases with increasing dopant concentration. According to C. 

Suryanarayana et al [5], the first decrease in crystallite size with Li doping below 9% may be 
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related to the accumulation of the doped elements at the grain boundaries during the 

nucleation process which leads to the inhibition of the growth of the grain size, which 

explains this trend. While the following increase in the grain size could be the result of the 

close similarity between the ionic radii of Li (0.076 nm) and Ni (0.069 nm); however, a large 

amount of Li ions are able to substitute Ni ions without causing a significant lattice distortion. 

The DRX analysis revealed that the 12%Li-doped NiO sample shows the lowest lattice 

distortion and defects density values. 

Table III.1. Values of Bragg angle 2θ, lattice constants a, crystallite size D, mean strain ε and 

dislocation density δ of NiO thin films as a function to the lithium concentration. 

x (at %) 

Li 

2θ(°) 

(111) 

Lattice 

constant 

a (A°) 

Crystallite 

size G 

(nm) 

Dislocation 

density δ 

×1015 

(lines/nm2) 

Mean 

strain ε 

(%) 

0 37.4052 

 

4.160842 

 

31.56631 

 

1.003581 

 

0.10981171 

 

x (at %) 

Li 

 

2θ(°) 

(200) 

Lattice 

constant 

a (A°) 

Crystallite 

size G 

(nm) 

Dislocation 

density δ 

×1015 

(lines/nm2) 

Mean 

strain ε 

(%) 

3 43.4146 4.165302 20.68874 2.336319 0.16754769 

6 43.4109 4.16564 20.68847 2.336379 0.16754984 

9 43.5274 4.15503 28.977 1.190949 0.11962418 

12 43.4379 4.163176 36.20384 0.762941 0.09574537 

25 43.4527 4.161826 28.96947 1.191568 0.11965528 
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Figure III.2. Variation of crystallite size and mean strain of NiO thin films as a function of Li 

concentration 

III.2.2.1.1.b. Structural properties of Na-doped NiO 

Figure (III.2) shows the XRD diffractograms of NiO thin films at different Na 

concentrations (0%, 3%, 6%,9%, 12%, and 25%). These patterns show diffraction peaks at 

2𝜃 = (37.34, 43.4, 63.0) which corresponds to (111) (200) and (220) crystal plans 

respectively. The indexed peaks are fully corresponding with NiO cubic phase (JCPDS-00-

047-1049). We do not notice the presence of any peaks of impurities, which confirms the 

purity of the prepared samples. The intensity of the (200) peak is often increased, especially at 

high Na-doping levels, resulting in a decrease of the (111) preferential orientation intensity of 

NiO thin films. The doped samples exhibit a decrease in peak intensity and an increase in 

peak width when compared to the pure sample. This might be interpreted as an indication of 

deteriorating crystal quality [6].  No peaks other than the NiO peaks are observed, which 

implies that Sodium atoms may be incorporated in the NiO lattice. The cubic phase of the 

NiO matrix remains unaffected by the incorporation of Sodium.  
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Figure III.3. X-ray diffraction patterns of pure and Ni1-xNaxO (x=3%, 6%, 9%, 12%, 25%) 

The calculated lattice parameter values are given in Table (III.2). It is clear that the lattice 

parameter first increases significantly from 4.16 nm for pure NiO to 4.173 nm for 9% Na 

doped NiO representing a lattice expansion, indicating that the Na ions were successfully 

incorporated into the NiO host lattice by occupying the Ni sites. Than it surprisingly 

decreases to 4,158nm and 4,160nm for 12% and 25%Na doped NiO respectively. The first 

increase in lattice parameter could be explained by the ionic radius of Na 0.102 nm (from the 

precursor) is larger than that of Ni2+, which is 0.069 nm. The smaller lattice parameter may be 

due to the Ni vacancies that arise from doping the NiO crystal lattice with high amount of Na 

ions. Calculated crystallite size, strain and dislocation densities of pure and Ni1-xNaxOare 

listed in Table (III.2). The values of the average crystallite sizes were found to be 31.56 nm, 

24.13 nm, 28.95 nm, 20.68 nm, 20.69 nm, 28.97 nm for the undoped NiO film, the NiO:Na 

3% , Na6%, Na9%, Na12% and Na25% respectively Table(III.2). The average crystallite size 

of 31.56 nm for pure NiO initially decreases to the reach 24.13, 28.9, 20.68 and 20.69nm for 

3, 6, 9 and 12% Na, then surprisingly increases to 28.97nm with higher doping levels of 

25%Na doping but it remains lower than the undoped one. This trend can be explained as 

follow: the first decrease in crystallite size with Na doping below 25% may be related to 

crystallites segregation to have minimum interfacial energy; Additionally, the high 
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concentration of dopants creates more defects and vacancies, which are defined as the length 

of a dislocation line per unit [7], help to lower the doped samples' grain size values, which in 

turn increases strain and dislocation density. The following increase in crystallite size can be 

associated with the difference in ionic radius as Na+1 (0.102 nm) is higher than Ni2+ (0.069 

nm). The DRX analysis revealed that the 6%and 25%Na-doped NiO sample show the lowest 

lattice distortion and defects density values. 

Table III.2. Values of Bragg angle 2θ, lattice constants a, crystallite size D, mean strain ε and 

dislocation density δ of NiO thin films as a function of sodium concentration. 

x (at %) 

Na 

2θ(°) 

(111) 

Lattice 

constant 

a (A°) 

Crystallite 

size G 

(nm) 

Dislocation 

density 

δ×1015  

(lines/nm2) 

Mean 

strain ε 

(%) 

0 37.4052 4.160842 31.56631 1.003581 0.10981171 

x (at %) 

Na 

2θ(°) 

(200) 

Lattice 

constant 

a (A°) 

Crystallite 

size G 

(nm) 

Dislocation 

density 

δ×1015  

(lines/nm2) 

Mean 

strain ε 

(%) 

3 43.3983 4.166791 24.13939 0.00171612 0.14359727 

6 43.3556 4.170697 28.9597 0.001192372 0.11969564 

9 43.321 4.173867 20.68202 0.002337837 0.16760211 

12 43.4862 4.158775 20.69389 0.002335156 0.16750598 

25 43.4862 4.160451 28.97099 0.001191443 0.119649 
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Figure III.4. Variation of crystallite size and mean strain of NiO thin films as a function of 

Na concentration 

III.2.2.1.1.c. Structural properties of K-doped NiO 

Figure (III.5) shows the XRD diffractograms of NiO thin films at different K concentrations 

(0%, 3%, 6%, 9%, 12%, and 25% at). These patterns show diffraction peaks at 2𝜃 =

(37.34,43.4, 63.0)which corresponds to (111) (200) and (220) crystal plans respectively. The 

indexed peaks are fully corresponding with NiO cubic phase (JCPDS-00-047-1049). We do 

not notice the presence of any peaks of impurities, which confirms the purity of the prepared 

samples.  Meanwhile, it is seen that the intensity of reflections diminishes with low 

concentrations of K doping, suggesting that the crystallinity of the films reduces once K is 

incorporated into the NiO host lattice. We also notice that the crystallinity is enhanced at high 

concentrations of the K doping (12% and 25%). Pure NiO thin film (111) preferential 

orientation intensity decreases as a result of higher (200) peak intensity, particularly at high 

K-doping levels.  The observation of no peaks apart from the NiO peaks suggests that 

Potassium atoms could be well incorporated into the NiO lattice. The addition of Potassium 

has no effect on the cubic phase of the NiO matrix. 

 

 



Chapter III RESULTS AND DISCUSSION 

 

 Page 76 
 

30 40 50 60 70 80

(2
2
2
)

(2
2
0
)

(2
0
0
)

(1
1
1
)

2 (degree)

In
te

n
si

ty
 (

a
.u

)

 25% K-NiO

 12% K-NiO

  9% K-NiO

  6% K-NiO

  3% K-NiO

 Undoped NiO

 

Figure III.5. X-ray diffraction patterns of pure and Ni1-xKxO (x=3%, 6%, 9%, 12%, 25%) 

The calculated lattice parameter values are given in table (III.3). It is clear that the lattice 

parameter increases significantly from 4.16 nm for pure NiO to 4.17 nm for 25% K doped 

NiO representing a lattice expansion. The increase in lattice parameter could be explained by 

the ionic radius of K (0.138 nm) from the precursor) is larger than that of Ni2+, which is 0.069 

nm. The lattice parameter is found to have a minimum value (4,15 nm) for a 9% K doping 

level. According to A. Loukil et al, this occurrence shows that the incorporation of potassium 

element in NiO can significantly improve the optical, dielectric, and opto-thermal properties 

of these produced thin films [8]. Additionally, the substantial dependence of these structural 

characteristics on the potassium level confirmed the incorporation of potassium in the NiO 

matrix. Calculated crystallite size, strain and dislocation densities of pure and Ni1-xKxOare 

listed in table (III.3).The values of the average crystallite sizes were found to be 31.56 nm, 

20.68 nm, 20.68 nm , 28.97 nm, 41.38 nm, 24,13 nm for the undoped NiO film, the NiO:K 

3% , K6%, K9%, K12% and K25% respectively table (III.3). The average crystallite size of 

for pure NiO 31.56 nm first decreases for low K concentrations than increases along with the 

increase of K amount in the NiO host lattice to reach a maximum value for 12% K doping. As 
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mentioned above the decrease in the grain size of the doped samples usually attributed to the 

accumulation of dopants at the grain boundaries during the nucleation, however the defects 

and vacancies created by dopants, contribute to the reduction of the grain size of the doped 

samples. According to Jansons et al. [9] grain size differences due to doping can be attributed 

to the thermodynamic barrier to development because surface dopants affect crystal surface 

energy. The DRX analysis revealed that 12% K doping to the NiO host lattice leads to 

enhancement of the crystallinity by reducing the amount of defects and dislocation densities. 

Table III.3. Values of Bragg angle 2θ, lattice constants a, crystallite size D, mean strain ε and 

dislocation density δ of NiO thin films as a function of potassium concentration. 

x (at %) 

K 

2θ(°) 

(111) 

Lattice 

constant 

a(A°) 

Crystallite 

size G (nm) 

Dislocation 

density 

δ×1015 

(lines/nm2) 

Mean 

strain ε 

(%) 

0 37.405 4.160842 31.56631 1.003581 0.10981171 

x (at %) K 2θ(°) 

(200) 

Lattice 

constant 

a (A°) 

Crystallite 

size G (nm) 

Dislocation 

density 

δ×1015 

(lines/nm2) 

Mean 

strain ε 

(%) 

3 43.4146 4.165302 20.68874 2.336319 0.16754769 

6 43.4109 4.16564 20.68847 2.336379 0.16754984 

9 43.5274 4.15503 28.977 1.190949 0.11962418 

12 43.4224 4.16459 41.38861 0.583765 0.08375131 

25 43.3419 4.171952 24.13466 1.716791 0.14362538 

 



Chapter III RESULTS AND DISCUSSION 

 

 Page 78 
 

0 5 10 15 20 25

20

22

24

26

28

30

32

34

36

38

40

42

44

46

48

50

K Concentration at %

C
ry

st
al

li
te

 s
iz

e 
G

 (
n
m

)
0.05

0.10

0.15

0.20

 M
ea

n
 s

tr
ai

n
 %

Mean strain ε (%) Mean strain ε (%) 

 

Figure III.6. Variation of crystallite size and mean strain of NiO thin films as a function of K 

concentration 

III.2.2.1.2. Structural properties of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K), (x=0.03, 

0.06) 

Figure (III.6) shows the XRD peak characteristics of co-doped NiO thin films 

produced under the same conditions. The six samples have characteristic diffraction peaks at 

angles 2𝜃 = (37.00, 43.12, 62.72,75.07, 78.95) , which correspond to the (111), (200), 

(220), (311), and (222) crystal planes of the fcc phase structure, respectively. The indexed 

peaks are fully corresponding with NiO cubic phase (JCPDS-00-047-1049). Also, no La2O3 

peaks [10, 11] were detected for the doped samples, which indicates the complete solubility of 

La3+ ions at the Ni sites. Compared to the diffraction peaks of the co-doped samples, 

meanwhile, it can be noticed that the intensity of reflections continuously decreases and the 

peaks gets broadening with La doping, also, the FWHM of the co-doped samples is extremely 

large, indicating that the incorporation of La ions within NiO host lattice induces a decline of 

the crystallinity of the doped films [12]. The lattice parameter of the La co-doped samples 

with other structural parameters are tabulated in table (III.4).  As seen in table (III.4).  the 

grain size of the La co-doped NiO samples is very small in comparison with the alkali doped 

NiO samples. In addition to what was mentioned above about the accumulation of the dopants 

in the grain boundaries during the nucleation step which inhibits the crystal growth, the 

formation of defects, dislocations and strain by dopants would be more induced because of the 

large ionic radius of La (0.138 nm).  Size changes resulting from doping are due to 

thermodynamic barrier of growth because surface dopants modify surface energy of crystals. 
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Figure III.7.X-ray diffraction patterns of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K), 

(x=0.03, 0.06) 

Table III.4.Values of Bragg angle 2θ, lattice constants a, crystallite size D, mean strain ε and 

dislocation density δ of co-doped NiO thin films Ni1-2xAxLaxO A=(Li, Na, K), (x=0.03, 0.06) 

material 2θ (°) 

(200) 

Lattice 

constant 

a (A°) 

Crystallite 

size G (nm) 

Dislocation 

density δ 

×1015 

(lines/nm2) 

Mean 

strain ε 

(%) 

6%La-6%K:NiO 43.1013 4.194122 9.042336 12.230347 0.38334676 

3%La-3%Li-NiO 43.1131 4.193029 9.042703 12.229352 0.38333116 

3%La-3%Na:NiO 43.4161 4.165165 13.57685 5.425029 0.2553133 

6%La-6%Li:NiO 43.5642 4.151691 18.11372 3.047789 0.19136603 

3%La-3%K:NiO 43.2764 4.177962 10.85691 8.483747 0.319276 

6%La-6%Na:NiO 43.381 4.168372 15.51662 4.153419 0.22339596 
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Figure III.8. Variation of crystallite size and mean strain size of co-doped NiO thin films. 

III.2.2.2. Optical properties 

III.2.2.2.1. Optical properties of Pure and Alkali doped NiO (Ni1-xAxO) (A=Li, Na and 

K) 

III.2.2.2.1.a. Optical properties of Li-doped NiO 

Optical transmittance of pure and Li-doped NiO in the wave length range of 300 to 

1100 nm is shown in figure (III.9). Pure NiO film exhibits a relatively high transmittance of 

85–95% over the visible region; this implies high optical quality due to low scattering or 

absorption losses. All samples display sharp absorption edges in the wavelength region 

between 300 and 360 nm, which is related to the transition between valence and conduction 

bands caused by onset fundamental absorption.  The obtained average transmittance of 

undoped NiO (85%–95%); closely matches  with the average transmittance of undoped NiO 

prepared by sol gel spin coating obtained by Lou et al. [13] and  higher than the transmittance 

of spray pyrolysis-prepared NiO that was obtained by C. Marbet et al. [14].However, we can 

see that when the Li concentration increases, the optical transparency decreases gradually, this 

decrease could be due to the increase of defects, micro strain, and impurities levels in NiO 

host lattice after doping [15]. 
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Figure III.9. Transmittance spectra of undoped and Li-doped NiO 

As seen in figure (III.9); the absorption edge of Li-doped NiO samples in the near UV 

switches from this edge to short waves under the Burstein-Moss effect (B-M) [16, 17] or long 

waves under the Roth effect [18].The shift in the absorption edge of the films can be 

explained by the B-M phenomenon, which states that an increase in carrier concentration 

caused by doping leads in a shift in the Fermi level by reaching the conduction band or the 

valence band, and to block specific low energy levels at the tail of the conduction band or 

high energy states at the tail of the valence band. As a result, the band gap widens, expressing 

the shift of the absorption tail towards the short wave-length (high energy). This broadening 

of the forbidden band is also responsible for increased transmission in the UV region. The 

opposing effect, which causes the gap narrowing observed for highly doped semiconductors. 

When the Fermi level passes in the conduction band, which causes the narrowing of the gap 

following the fusion of donor bands and conduction and which is called the Roth effect [18]. 

The reflectance spectra of pure and Li-doped NiO thin films is shown in figure (III.10). 
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Figure III.10. Reflectance spectra of undoped and Li-doped NiO 

The optical band gap (Eg) of the prepared samples was established by the following 

relationships [3] 

𝛼 = 𝑙𝑛
1

𝑇
𝑑⁄                                                            (III.6) 

𝛼ℎ𝜈 = 𝑘(ℎ𝜈 − 𝐸𝑔)1 2⁄                                              (III.7) 

 

Where: 

𝛼: the absorption coefficient. 

T: the transmittance. 

d: film thickness 

K: proportionality constant 
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Figure III.11. (αhν)2 vs. (hν) of undoped and Li doped NiO 
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Figure (III.11) shows the plots ( 𝛼ℎ𝜈 )2 vs hν. Eg values were calculated by 

extrapolating the straight-line portion of the plots to the energy axis. Different Eg values are 

listed in table (III.5). As it can be seen figure (III.11), the obtained band gap values for 

undoped NiO are in good agreement with reported data [2, 3]. The band gap of Li doped NiO 

samples was found to increase for 3% Li doping (3.83 eV) than it decreases to reach 3.22 eV 

for 25% Li. The Structural study based on DRX analysis revealed that doping NiO with Li 

ions had led to a decrease in the average crystallite size. It is well known the decrease in 

crystallite size is usually accompanied by an increase in the amount of the defect. These 

defects create further energy levels, thus the electronic transition which used to occur from the 

filled valence band to the empty conduction band; is going to happen from the filled valence 

band to the defect’s energy levels, creating more band tail states and leading to band gap 

narrowing [14]. Our results are comparable by other experimental results [15, 19].  The same 

thing as the optical gap, the Urbach energy is also related to the disorder in the film lattice, as 

it is expressed as follows [20]:  

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜈

𝐸𝑢
)                                                           (III.8) 

𝐿𝑛𝛼 = 𝐿𝑛𝛼0 +
1

𝐸𝑢
ℎ𝜈                                                       (III.9) 

Where 𝛼0is constant and Eu is the Urbach energy, it was also determined by the curves of 

𝐿𝑛𝛼 as a function of photon energy hν is used to deduce the Urbach energy 𝐸𝑢 =
∆(ℎ𝜈)

∆(𝐿𝑛(𝛼))
 of 

pure and Li doped NiO samples as illustrated in figure (III.12).  
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Table III.5. Values of optical band gap energy Eg (eV), Urbach energy Eu (meV) and 

resistivity, of NiO thin films as a function of Li concentration. 

x (at%) 

Li 

 

Band gap 

energy 

Eg(eV) 

 

Urbach 

energy 

Eu (meV) 

Electrical 

resistivity

*104 

Ohm.cm 

0 3.79 262.46 5.6625 

3 3.83 429.18 0.007 

6 3.74 288.18 1.812 

9 3.72 2637.36 0.0123 

12 3.59 1698.11 0.0303 

25 3.22 1360.00 0.0675 

 According to XRD research, the primary explanation of the higher Urbach energy of doped 

samples compared to undoped NiO may be lattice distortion and increased micro strain values 

brought about by the inclusion of dopants in the host lattice of nickel oxide. However, defects 

generate extra localized defect states that can effectively influence the valence and conduction 

band edges, and this could be seen as another reason for a smaller band gap in Li doped NiO. 

More specifically, multiple defect states are formed in the current situation due to increasing 

impurities and vacancies, which disturb the band structure of the material, resulting in a 

considerable drop in the optical band-gap and hence increasing the Urbach energy. 
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Figure III.12. Estimation of Urbach energy of undoped and Li-doped NiO thin films 
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III.2.2.2.1.b. Optical properties of Na-doped NiO 

Optical transmittance of pure and Na-doped NiO in the wave length range of 300 to 

1100 nm is shown in figure (III.13).  All samples display sharp absorption edges in the 

wavelength region between 300 and 360 nm, which is related to the transition between 

valence and conduction bands caused by the onset fundamental absorption.  As shown in 

figure (III.13), the overall transmittance of the Na doped NiO samples exhibits a relatively 

low transparency compared to undoped NiO sample and Li doped NiO samples for same 

concentrations, however the average transmittance of the 3%Na-NiO was determined to be 

about (39%) while the average transmittance of the 3%Li-NiO was determined to be about 

(55%) in the visible reason. This decrease in transparency is attributed is related to the 

development of grain size and the augmentation of impurity levels in the NiO host lattice 

upon doping [15] which causes an increase in defects, micro-strain, and roughness. Besides 

this decline in optical transmittance may be also attributed to photon absorption by free 

carriers generated after alkali doping. [14]. 
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Figure III.13. Transmittance spectra of undoped and Na-doped NiO 
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Figure III.14. Reflectance spectra of undoped and Na-doped NiO 

We see a red shift in the absorption edge when we compare doped samples to pure ones. 

 Figure (III.15) shows the plots (𝛼ℎ𝜈)2 vs hν. Eg values of the Na doped NiO samples 

were calculated by extrapolating the straight-line portion of the plots to the energy axis. 

Different Eg values are listed in table (III.6). As seen in figure (III.15). The calculated band 

gap values were found to decrease with the increase of Na concentration in NiO host lattice. 

Y.R. denny et al [21] has attributed the decrease of the band gap values of the Na doped NiO 

thin films to the Na 3s states situated over the valence band edge of nickel oxide which results 

in the lowering of the band gap values of Na-doped NiO sample. The density of impurity 

energy levels above the valence band edge would be higher, and consequently the band gap 

became smaller. This decrease in transparency, makes the Na doped NiO samples suitable for 

optoelectronic devices [22].  
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Figure III.15. (αhν)2 vs. (hν) of undoped and Na doped NiO 
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Urbach energy of Na doped NiO values are tabulated in table (III.6). 

Table III.6.Values of optical band gap energy Eg(eV), Urbach energy Eu (meV) and 

resistivity, of NiO thin films as a function of Na concentration. 

x (at%) 

Na 

 

Band gap 

energy Eg 

(eV) 

Urbach 

energy Eu 

(meV) 

Electrical 

resistivity*104 

Ohm.cm 

0 3.79 262.46 5.6625 

3 3.67 741.83 0.1425 

6 3.63 468.6 0.325 

9 3.55 1295.4 0.2925 

12 2.08 1022.22 0.4837 

25 3.33 787.5 0.0618 

As seen in this table, the incorporation of Na ions in NiO host lattice leads to the 

increase of the Urbach energy. As mentioned above, the created defects and vacancies act as 

traps for other flaws or impurities that take the shape of platelets or aggregates [23]. These 

traps contain nano-crystallites and nanoparticles states that could result in high Urbach energy 

values. 
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Figure III.16. Estimation of Urbach energy of undoped and Na-doped NiO thin films 
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III.2.2.2.1.c. Optical properties of K-doped NiO  

Optical transmittance of pure and K-doped NiO in the wave length range of 300 to 

1100 nm is shown in figure (III.17).  All samples display sharp absorption edges in the 

wavelength region between 300 and 375nm: As shown in figure (III.17), The transmittance 

for all thin films increases as the wavelength increases in the range of (300-375 nm), and then 

increases slowly at higher wavelengths. Compared to the undoped sample, all doped samples 

exhibited a reduced transmittance except the 3%K doped NiO sample which shows a 

relatively high transmittance in short wave lengths.  As mentioned above, introducing of the 

alkali impurities deteriorates the crystallinity of the films by creating more crystalline defects 

such dislocations and strain which affects the growth of the crystallite size and increases the 

roughness of the films thus decreasing the transparency. In addition, the alkali doping leads to 

create more free carriers and thus more photon absorption which leads to decrease of the 

transparency. 
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Figure III.17. Transmittance spectra of undoped and K-doped NiO 
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Figure III.18. Reflectance spectra of undoped and K-doped NiO 

Figure (III.19) shows the plots (𝛼ℎ𝜈)2 vs hν. Eg values of the K doped NiO samples 

were calculated by extrapolating the straight-line portion of the plots to the energy axis. 

Different Eg values are listed in table (III.7). As seen in figure (III.19), the calculated band 

gap values were found to decrease for 3%K doping (3.63ev) than slightly increase for 6%K 

doping (3.71ev)  but still less than the Eg value of the undoped band gap, than it decreases 

with the increase of K concentration to reach a minimal value (eV) for 12% K doping .This is 

associated with the change in transmittance from undoped to K-doped NiO thin films towards 

the visible range. Due to a red-shift in the optical band gap, which was attributed to the deep 

states in the band gap, Sharma et al. obtained similar results on Zn doped NiO samples [24]. 

Furthermore, the influence of a number of variables, including grain size and structural 

characteristics, may be connected to this phenomenon. Additionally, we observed a band gap 

shift that increased with K content. 

 This shift can be attributed to both the existence of defects (oxygen defects or Ni 

vacancies) caused by the presence of K in NiO thin films as well as the decline in 

crystallinity. The obtained band gap value of the 6% K-doped NiO (3.71 eV) sample is in 

good agreement with the band gap value of (6%) of K-doped NiO (3.73 eV) prepared via 

rapid pyrolysis sol gel technic obtained by C.Q. Liu [15].  
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Figure III.19. (αhν)2 vs. (hν) of undoped and K doped NiO 

Urbach energy of K doped NiO values are tabulated in table (III.7). As seen in this 

table, the incorporation of K ions in NiO host lattice leads to the decrease than increase of the 

Urbach energy along with the increase of K concentration. That could be attributed to 

generated structural defects and vacancies which create extra states in the edges of the valence 

band and conduction band resulting in narrowing the band gap and thus enhancing the Urbach 

energy values of the doped films.  

Table III.7. Values of optical band gap energy Eg (eV), Urbach energy Eu (meV) and 

resistivity, of NiO thin films as a function of K concentration. 

x (at%) 

K 

 

Band gap energy 

Eg(eV) 

 

 

Urbach energy 

Eu (meV) 

Electrical 

resistivity*104 

Ohm.cm 

0 3.79 262.46 5.6625 

3 3.74 121.65 0.1665 

6 3.71 292.39 1.875 

9 3.63 2500.00 1.760 

12 3.21 810.3 2.0317 

25 3.00 787.5 0.3937 



Chapter III RESULTS AND DISCUSSION 

 

 Page 91 
 

1.0 1.5 2.0 2.5 3.0 3.5 4.0

10.0

10.5

11.0

11.5

12.0

12.5
 Undoped NiO

 3%K-NiO

 6%K-NiO

 9%K-NiO

 12%K-NiO

 25%K-NiO

L
n

 (


)

(h)(eV)
 

Figure III.20. Estimation of Urbach energy of undoped and K-doped NiO thin films 

III.2.2.2.2. Optical properties of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K), (x=0.03, 

0.06) 

The optical transmission T and reflectance R spectra of NiO: La+A (A =Li, Na, K) 

thin films in the wavelength range 300-1100 nm are shown in Figure (III.21) and Figure 

(III.22). There are no interference fringes visible. These spectra show that the prepared films 

exhibit a reflectance less than 20% in the visible range and a transparency coefficient lying 

between 30 and 60 % in the visible domain. This low transparency can be related to the 

surface defects (voids, dislocations and pores) already mentioned in the micro-structural 

study.  The transmission of co-doped NiO thin films, on the other hand, is found to be lower 

than that of alkali doped NiO films for same concentrations. This could be related to these two 

doping levels, to the raised photon scattering caused by an increase in surface morphological 

roughness. The decrease in optical transmittance could also be caused by photons' free carrier 

absorption. Furthermore, it is well known that increased carrier concentrations cause 

increased scattering, which reduces the transmittance. There is a correlation between the rise 

in carrier concentration and the decrease in transmittance that occurs with doping. 
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Figure III.21. Transmittance spectra of co-doped NiO 
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Figure III.22. Reflectance spectra of co-doped NiO 

The (αhν)2 vs (hν) plots of NiO:(La + A) co-doped samples (A=Li, Na and K) are shown in 

Figure (III.23). The obtained values of the direct energy gap values in terms of La content are 

listed in table (III.8). They are in good agreement with those reported for NiO films prepared 

by various techniques [25-27]. Furthermore, variations in Eg and crystallite size D are highly 

correlated. According to Thota et al. [28], a small variation in the size distribution usually 

results in a significant broadening of the absorption spectra. We believe that the decrease in 

average crystallite size caused by La doping may result in an increase in defects. In the 

presence of defects, the electronic transition occurs from the filled valence band to the energy 

levels of the defects rather than the usual electronic transition from the filled valence band to 

the empty conduction band. This phenomenon, which causes an increase in additional band  
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tail states and shrinkage of the band gag, is usually in competition with another known as the 

Burstein Moss shift. It does, in fact, cause an increase in the band gap energy value with 

doping due to the entry of the Fermi level into the conduction band for degenerate 

semiconductors [29, 30]. NiO that has been doped. This explains Eg's oscillatory behavior 

with doping level. NiO that has been doped. This phenomenon, which causes an increase in 

additional band tail states and shrinkage of the band gag, is usually in competition with 

another known as the Burstein Moss shift. It does, in fact, cause an increase in the band gap 

energy value with doping due to the entry of the Fermi level into the conduction band in 

degenerate semiconductors [29, 30]. This explains Eg's oscillatory behavior with doping level. 
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Figure III.23. (αhν)2 vs. (hν) co-doped NiO 

The introduction of impurities into semiconductors frequently exposes the band gap's 

band tailing, which is caused by the creation of localized states. Charge carriers are able to 

hop from one location to another in these localized states. The band tail energy or Urbach 

energy (Eu), which Characterizes the width of the located states of the co-doped NiO samples 

were calculated. The band tail energy or Urbach energy (Eu), which characterizes the width of 

the located states following the empirical Urbach law [31, 32] figure (III.24). The obtained 

results are shown in table (III.8). The Urbach energy values are extremely high for co-doped 

samples compared to the alkali doped samples and pure NiO sample. It is possible that the 

addition of La ions increases the disorder and defects in the NiO:La alkali thin films since this 

energy is linked to the micro-structural lattice disorder. Indeed, according to the structural 

study we find a good correlation between the dislocation density 𝛿  and the Urbach energy 

Eu. For these films, the presence of a band tail suggests that the structural disorder and 



Chapter III RESULTS AND DISCUSSION 

 

 Page 94 
 

inhomogeneity are significant. Furthermore, Urbach energy can lead to some explanations of 

electronic switching between defect states via thermal activation. 
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Figure III.24. Estimation of Urbach energy of co-doped NiO thin films 

Table III.8.Values of optical band gap energy Eg(eV), Urbach energy Eu (meV), resistivity, 

and dislocation density of co-doped  NiO thin films Ni1-2xAxLaxO A=(Li, Na, K), (x=0.03, 

0.06) . 

material 

 

 

Band gap 

energy Eg 

(eV) 

 

 

Urbach 

energy Eu 

(meV) 

Electrical 

resistivity*

104 

Ohm.cm 

Dislocation 

density δ 

×1015 

(lines/nm2) 

3%La-3%Li-NiO 3.54 1666.66 0.0289 12.229352 

6%La-6%Li:NiO 3.46 1700.00 0.048 3.047789 

3%La-3%K:NiO 3.706 2291.66 0.009 8.483747 

6%La-6%K:NiO 3.47 2650.00 0.0038 12.230347 

3%La-3%Na:NiO 3.42 2190.4 0.098 5.425029 

6%La-6%Na:NiO 3.26 1440.00 0.0659 4.153419 
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III.2.2.3. Electrical properties 

III.2.2.3.1. Electrical properties of Pure and Alkali doped NiO (Ni1-xAxO) (A=Li, Na and 

K) 

III.2.2.3.1.a. Electrical properties of Li-doped NiO 

The resistivity of pure and doped NiO films was measured by the four-point probe method 

using the following relation [33]: 

𝜌 = 4.532 × (
𝑈

𝐼
) × 𝑡 =

1

𝜎
                                                           (III.10) 

where ρ is the resistivity, V is the measured voltage, I is the current applied, 𝜎 is the 

conductivity and t is the thickness of the film. The electrical resistivity of undoped and Li 

doped NiO thin films are summarized in table (III.5) and Figure (III.25) shows the variation 

of films resistivity and dislocations of NiO films with Li doping concentration. As shown in 

Figure (III.25), the Li doping has led to lowering in the resistivity values of the NiO samples. 

Undoped NiO exhibits p-type conductivity, which is caused by nickel vacancies and oxygen 

atoms that occupy interstitial sites, which leads to the formation of Ni3+  [15].Doping nickel 

oxide with Alkali atoms such Lithium results in the formation of additional Ni3+ ions, as 

shown in the equation (III.1) [1]: 

𝐿𝑖+ +𝑁𝑖3+𝑂2− → (𝐿𝑖+ +𝑁𝑖3+)2𝑂2−                              (III.11) 

The incorporation of lithium increases the concentration of Ni3+, which explains why the 

resistivity of the material decreases after doping. Our samples have lower resistivity values 

than those reported by I.Sta et al. [1] using the sol gel spin coating technique. Many 

applications call for transparent conducting films with the highest transmittance achievable in 

the visible area to improve photo-generated current [14]. 
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Figure III.25. Variation of the resistivity of NiO thin films as a function of Li concentration 

III.2.2.3.1.b. Electrical properties of Na-doped NiO 

The resistivity of pure and doped NiO films was measured by the four-probe method. 

The electrical resistivity of undoped and Na doped NiO thin films are summarized in table 

(III.6) and figure (III.26) shows the variation of films resistivity and dislocations of NiO films 

with Na doping concentration. As illustrated in figure (III.26), the incorporation of  Na ions  

in the NiO host lattice  has resulted in a decrease in the resistivity values of the NiO samples 

from  5.66 × 104𝑜ℎ𝑚. 𝑐𝑚 for undoped NiO to 0.327 × 104𝑜ℎ𝑚. 𝑐𝑚 for 3% Na-NiO than it 

increases slowly to reach 0.0618× 104𝑜ℎ𝑚. 𝑐𝑚 for 25% Na-NiO. As mentioned above, Pure 

NiO is known to have p-type conductivity, which occurs from nickel vacancies and oxygen 

atoms occupying interstitial spaces and generating Ni3+ ions [19]. Doping nickel oxide with 

alkali atoms such sodium (Na) reduces the resistivity of the material because it produces more 

Ni3+ ions. This decrease in electrical resistivity is important for solar cell applications that 

require lowering cell series resistance. 
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Figure III.26. Variation of the resistivity of NiO thin films as a function of Na concentration 

III.2.2.3.1.c. Electrical properties of K-doped NiO 

The resistivity of pure and doped NiO films was measured by the four-probe method. 

The electrical resistivity of undoped and K doped NiO thin films are summarized in table 

(III.7) and figure (III.27). shows the variation of films resistivity and dislocations of NiO 

films with K doping concentration. As illustrated in figure (III.27). All of the doped films 

shows a resistivity values lesser than the undoped NiO film, the incorporation of  K ions  in 

the NiO host lattice  has resulted in a decrease in the resistivity values of the NiO samples 

from  5.66 × 104𝑜ℎ𝑚. 𝑐𝑚 for undoped NiO to 0.1665 × 104𝑜ℎ𝑚. 𝑐𝑚 for 3% K-NiO than it 

increases to reach 2.0317 × 104𝑜ℎ𝑚. 𝑐𝑚 for 12% K-NiO than it decreases again for 25%K-

NiO to achieve 0.393 × 104𝑜ℎ𝑚. 𝑐𝑚. This alternative behavior could be explained as follow: 

When a small amount of K is introduced into the films, the K is ionized into K+ and replaces 

Ni2+. Thus one free electron is produced from one NiO atom replacement. Therefore, the 

carrier concentration increases and the resistivity is decreased with the K concentration at first 

up to 9% doping. At higher K concentrations (12%), the carrier concentration decreases 

because of the increasing of the doping atoms and the formation of neutral defects and these 

neutralized K atoms do not contribute as free electrons. Further increase of the amount of K 

ions in the NiO lattice creates more structural defects and Ni2+ vacancies that can produce two 

holes which sets free into the valence band and therefore contribute to the conductivity [14].  
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Figure III.27. Variation of the resistivity of NiO thin films as a function of K concentration 

III.2.2.3.2. Electrical properties of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K), (x=0.03, 

0.06) 

The resistivity of   co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K), (x=0.03, 0.06) films 

was measured by the four-probe method. The electrical resistivity of co-doped NiO thin films 

are summarized in table (III.8) and figure (III.28) shows the variation of films resistivity and 

dislocations of NiO films with La alkai-doping concentration.  This figure reveals clearly that 

the incorporation of 3%La ions to the 3%alkali doped NiO thin films and 6%La ions to the 

6%alkali doped NiO thin films decreases the resistivity of the doped samples. It is well known 

that stoichiometric NiO is an insulator with conductivity of 10-13 S.cm-1 at room temperature, 

[34]. Its resistivity can be decreased by increasing the number of Ni vacancies and/or 

interstitial oxygen in NiO crystallites, which results in the production of Ni3+ [35].  It is well 

known that the origin of p-type conduction in nature is also related to the non-stoichiometric 

form of NiO. In fact, nickel oxide compound has numerous Ni2+ vacancies that can produce 

two holes which sets free into the valence band and therefore contribute to the conductivity. 

The overall equation of formation of defect and hole can be explained as below [35]: 

1

2
𝑂2(𝑔) → 𝑂0 + 𝑉𝑁𝑖 + 2ℎ                                                 (III.12) 

 

where h and VNi represent the hole and the Ni2+ vacancies respectively. With lanthanum 

incorporation into the film, some La3+ ions substitute Ni2+ in NiO matrix, this may be 

compensates the deficiencies and therefore decreases considerably the electrical resistivity.  
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This result shows that extrinsic conduction dominates rather than intrinsic conduction and that 

the impurities or vacancies present in the material, help to create free carriers in La+A:NiO 

films (A=Li, Na, K). This decrease in electrical resistivity with La doping can be also 

correlated with the results of the structural study. A crucial point in the present study is that 

the addition of 3%La ions to the 3%Li-NiO increases its resistivity from 0.007 ×

104𝑜ℎ𝑚. 𝑐𝑚  to 0.0289 × 104𝑜ℎ𝑚. 𝑐𝑚 . That could be attributed to the microstructural 

defects such as dislocations and grain boundaries which affect the mobility of the carriers; in 

another way they affect the resistivity of the sample since the resistivity is proportional to the 

reciprocal of the carrier mobility, however, increased dislocation and grain boundaries in the 

lattice leads to a decrease in the mobility and subsequently to an increase in the resistivity of 

the thin film. 
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Figure III.28. Variation of the resistivity of co-doped NiO thin films 
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III.3. Theoretical results  

III.3.1. Computational methods 

The quantum mechanics program Cambridge Serial Total Energy Package (Castep) 

[36] was used to investigate the structural, electrical, optical and elastic properties of Ni1-

xAxOfor (x=0.0312, 0.0625, 0.125 and 0.25) and Ni1-2xAxLaxO for (x=0.0312, 0.0625) (A=Li, 

Na and K). Kohn-Sham formation based on the density functional theory (DFT) was used to 

perform the calculations [37]. Generalized gradient approximation (GGA) in the Perdew 

Burk-Eruzerhof scheme was used to treat the exchange and correlation potential [38]. Pseudo 

atomic calculations was applied at Ni 3d8, O 2s2 2p6, Li 1s2, Na 2s2 2p6, K 3s2 3p6, La 5p6 

5d1 6s2. The Ultra-soft pseudo potential approach was taken to model the ion electron 

interactions [39]. Plane wave basis set energy cut-off was taken at 500 eV for all compounds 

except for Ni0.968A0.0312O and Ni0.9375La0.0312A0.0312O structures (A=Li, Na, K) however 400 

eV energy cut-off was taken. Even with reducing the energy cut-off value for Ni0.9064A0.0936O 

structures, both electronic and optical properties could not be performed. The Brillouin zone 

was sampled by employing the monkhort pack method [40] with a separation of 0.05/A◦. 

Geometry optimization tolerances were set as follows: the difference of the total energy is 

within 5×10–6eV/atom. The maximum force is 0.01 eV/A◦. The maximum stress is 0.02 GPa 

and the maximum displacement was 5×10–4 A◦. Furthermore, more k-points are required to 

precisely explore electrical and optical properties, and denser k-points are formed. In addition, 

the number of conduction bands is a significant element in the computation, as it determines 

the energy range covered and the number of conduction bands. The precision of the Kramers-

Kronig transform is determined. There are 15 vacant bands in the current work. To more 

precisely define the electronic structure, the DFT+U approach was adopted by employing the 

Hubbard U correction which treats more accurately the strong correlation between the Ni 3d 

electrons. Hubbard U values were chosen to be 14.0 eV for Ni 3d, 0.0 eV for Ni 2p, and 6.0 

eV for O 2p. For the dopant atoms (Li, Na, K and La), Hubbard U was set by the default 

values.  
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Figure III.29. (a) 1×1×1  NiO supercell (b) 2×2×2  NiO supercell ; O atoms are in red, Ni 

atoms are in blue, Yellow atom represents the dopant atom  x=Li, Na, K, La. 

III.3.2. Structural properties  

III.3.2.1. Structural properties of pure and Ni1-xAxO (A=Li, Na and K) 

It is necessary to go through structural optimization before computing the elastic, 

electronic, and optical properties. The structural properties of pure and Ni1-xLixO, Ni1-xNaxO 

and Ni1-xKxO have been calculated for (x=0.0312, 0.0625, 0.0937, 0.125 and 0.25). The 

results of the calculation of the lattice parameter a and volume V are listed in the tables (III.9), 

(III.10) and (III.11)   along with the experimental results obtained in this work and the 

theoretical results available in the literature in order to evaluate our results. 

For undoped NiO, it is clear that our calculated results agree with the experimental 

result obtained in this work and other theoretical data [43]. As no experimental or theoretical 

results on Ni1-xLixO (x=0.0312, 0.0625, 0.0937, 0.125 and 0.25) have been published in the 

literature, the data tabulated in table (III.9) shows a decrease in the lattice parameter and 

lattice volume which could be attributed to the difference in the ionic radii between Li+ and 

Ni2+ ions however the Li radii is much lower than the Ni radii. Lattice parameter (a) and the 

unit cell volume (V) of Ni1-xNaxO structures (x=0.0312, 0.0625, 0.0937, 0.125 and 0.25) 

shows a slight increase in comparison with undoped NiO. The obtained results are illustrated 

in the table (III.10). A comparison of experimental and theoretical results is made in the same 
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table. The results of the Ni1-xNaxO lattice parameter are consistent with experimental 

measurements. 

The results of Ni1-xKxO illustrated in the table (III.11) show a considerable increase in 

the lattice parameter and the unit cell volume after K replacement. The reason for this is that 

the radius of nickel is much lower than that of potassium. When K replaces Ni, the lattice 

deforms and the residual strain generated during the crystallization process increases the 

volume. That makes the Ni1-xKxO superior to the undoped NiO.  

Table.III.9. Structural parameters of Ni1-xLixO (lattice parameter and cell volume) 

material reference Calculated a 

(A°) GGA PBE 

Experimental a 

(A°) 

V (A°)3 

NiO Present 

Other works 

Other works 

4.163 

4.1632a 

4.1888b 

4.165558 72.28 

Ni0.9687Li0.0312O Present 4.1709 4.165302 72.56 

Ni0.9375Li0.0625O Present 4.15 4.16564 70.14 

Ni0.9063Li0.0937O Present 4.1763 4.15503 72.844 

Ni0.875Li0.125O Present 4.147 4.163176 71.3392 

Ni0.75Li0.25O Present 4,068574 4.161826 67.348 

Ref  a[43]  b [57]   

Table.III.10.Structural parameters of Ni1-xNaxO (lattice parameter and cell volume) 

material reference Calculated a 

(A°) GGA PBE 

Experimental a 

(A°) 

V (A°)3 

Ni0.9687Na0.0312O Present 4.1921 4.16679 73.91 

Ni0.9375Na0.0625O Present 4.173 4.1921 72.69 

Ni0.9063Na0.0937O Present 4.179 4.173867 72.982 

Ni0.875Na0.125O Present 4.185 4.158775 73.3 

Ni0.75Na0.25O Present 4,176536 4.160451 72.853 
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Table.III.11.Structural parameters of Ni1-xKxO (lattice parameter and cell volume) 

material reference Calculated a 

(A°) GGA PBE 

Experimental a 

(A°) 

V (A°)3 

Ni0.9687K0.0312O Present 4.1367 4.166731 70.28 

Ni0.9375K0.0625O Present 4.21 4.165 74.61 

Ni0.9063K0.0937O Present 4.29 4.15503 79.05 

Ni0.875K0.125O Present 4.28 4.16459 78.623 

Ni0.75K0.25O Present 4.39 4.171952 84.60 

Figure (III.30) displays the relationship between lattice parameter concentration x and 

volume. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.III.30. Evolution of lattice parameter and volume as a function of concentration x for 

pure and Ni1-xAxO (A=Li, Na and K) structures 
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III.3.2.2. Structural properties of Ni1-2xAxLaxO (A=Li, Na and K) 

Structural properties as lattice parameter a and unit cell volume of Ni1-2xLixLaxO, Ni1-

2xNaxLaxO and Ni1-2xKxLaxO (x=0.0321, 0.0625) are illustrated in table (III.12). As seen in 

this table, the addition of La ions results in the increase of the lattice parameter a and the unit 

cell volume This increase is due to the higher mass of the Lanthanum (La) atom than that of 

the Nickel (Ni) and other alkali ions (Li, Na and K).The comparison of these values (lattice 

parameter) with the experimental results obtained in the present thesis shows a good 

concordance for almost all values. To the best of our knowledge, no theoretical or 

experimental result has been found about Ni1-2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO for 

the various concentrations (x=0.0321, 0.0625), which allows us to state that our results can be 

used as a reference.  

Table.III.12. Structural parameters of Ni1-2xAxLaxO (A=Li, Na and K) (x=0.0321, 

0.0625) (lattice parameter and cell volume) 

material reference Calculated a 

(A°) GGA 

PBE 

Experimental 

a (A°) 

V (A°)3 

Ni0.9375Li0.0312La0.0312O Present 4.166 4.193 72.28 

Ni0.8750Li0.0625La0.0625O Present 4.16 4.151 72.56 

Ni0.9375Na0.0312La0.0312O Present 4.187 4.165 73.42 

Ni0.8750Na0.0625La0.0625O Present 4.27 4.168 77.922 

Ni0.9375K0.0312La0.0312O Present 4.196 4.17 73.90 

Ni0.9375K0.0312La0.0312O Present 4.31 4.17 80.55 

In Figure (III.31) we display the relationship between lattice parameter concentration x and 

volume. 



Chapter III RESULTS AND DISCUSSION 

 

 Page 105 
 

3%Li+3%La 6%Li+6%La 3%Na+3%La 6%Na+6%La 3%K+6%La 6%K+6%La

4.14

4.16

4.18

4.20

4.22

4.24

4.26

4.28

4.30

4.32

4.34

4.36

4.38

4.40

concentration x

L
at

ti
ce

 p
ar

am
et

er
 (

A
°)

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

 V
o
lu

m
e 

(A
°)

3

 

Figure.III.31. Evolution of lattice parameter and volume as a function of concentration x for 

pure and Ni1-xAxO (A=Li, Na and K) structures 

III.3.3. Electronic properties  

III.3.3.1. Introduction 

Materials' electronic structures are a major factor in determining their chemical and 

physical characteristics. It explains how electrons are arranged and behave within atoms. 

Information regarding atomic composition, bonding, and crystal structure can be found in the 

electronic structure. Understanding and manipulating the electrical structure of materials in 

general, and particularly their band structure, is critical for the design and development of 

electronic devices such as transistors, diodes, and solar cells. Engineers and scientists can 

manufacture band gaps and adjust the electronic characteristics of materials to produce 

desired electronic behavior using techniques such as doping, alloying, and heterostructures. In 

conclusion, the band structure is critical because it affects the electrical conductivity, optical 

characteristics, and electronic behavior of materials, allowing advances in domains such as 

electronics, optoelectronics, and material science. 
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III.3.3.2. Electronic properties of pure and Ni1-xAxO (A=Li, Na and K) 

III.3.3.2.1. Band structures of pure and Ni1-xAxO (A=Li, Na and K) 

 The band structure is the arrangement and distribution of energy levels, known as 

bands, in a material. It indicates the permissible energy levels for electrons. The energy levels 

are classified into bands that are separated by energy gaps known as band gaps. Lower energy 

bands, known as valence bands, are often loaded with electrons, whereas higher energy bands, 

known as conduction bands, are frequently vacant or partially filled.   Semiconductors have a 

lower band gap than insulators, which allows some electrons to pass from the valence band to 

the conduction band under certain conditions, resulting in moderate conductivity. 

Figures (III.32), (III.33), (III.34) and (III.35) show the calculated band structures of 

pure and Alkali doped NiO structures: Ni1-xLixO, Ni1-xNaxO, Ni1-xKxO (x= 0.0312, 0.0625, 0. 

125, 0.25) according to the directions of high-symmetry points in the first Brillion zone. 

These figures illustrate that the estimated band structures of pure and Alkali doped NiO have 

indirect band gaps. The predicted band gap of pure NiO is 3.72eV. The estimated value for 

pure NiO is quite similar to the experimental band gap value found in this work (3.79eV), and 

it is more accurate than other theoretical data in other DFT simulations [41]. Impurity 

incorporation in the NiO host lattice has resulted in alterations in band dispersion near the 

Fermi level. We observed the localization of some bands above the Fermi level, which 

resulted in the dispersion of the nickel oxide band structure's insulating property. This may be 

due to the DFT's efficiency in dealing with strongly coupled systems. Also, as it can be seen 

from figures (III.49), (III.50) and (III.51), the band gap narrowed as a result of impurities 

being added to the NiO host lattice. It can be clearly seen how close the theoretical and 

experimental calculated band gaps are. Also these findings demonstrated that the size of the 

band gap may be modulated by altering the alkali dopants Li, Na, and K. This discovery 

highlights a major difference between the effects induced by substitutional and interstitial 

doping. In the previous one, a Ni2+ cation is replaced by a A+1 (Li+1, Na+1, or K+1) cation, 

resulting in a hole (i.e. hole doping) and unoccupied levels of Ni above the Fermi level, which 

minimizes the size of the gap. Interstitial doping involves the addition of electrons to the 

system (i.e. electron doping), which raises the Fermi level to the CB and creates occupied 

levels below the Fermi level, so closing the gap. Both experimental and theoretical band gap 

values obtained in the present work are illustrated in tables (III.13), (III.14) and (III.15)  
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Figure III.32 Electronic Structure of Undoped NiO 

 

 

 

 

 

 

 

,    

-10

-8

-6

-4

-2

0

2

4

6

8

10

wave factor

GZFG

E
n

e
rg

y
 (

e
v
)

Q

Ni
0.875

Li
0.125

O

-20

-10

0

10

20

wave factor

GZFG

E
n

e
rg

y
 (

e
v
)

Q

Ni
0.75

Li
0.25

O

 

Figure III.33.Electronic band structure of Ni1-xLixO 
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Figure III.34.Electronic band structure of Ni1-NaxO 
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Figure III.35.Electronic band structure of Ni1-KxO 

Table.III.13.Theoretical and experimental band gap energy values of Ni1-xLixO  

material reference Calculated 

band gap 

GGA+U (eV) 

Eg(eV) Exp./UV-

Visible 

spectrophotometer 

NiO Present 3.73 3.79 

Ni0.9687Li0.0312O Present 2.68 3.83 

Ni0.9375Li0.0625O Present 3.6 3.74 

Ni0.875Li0.125O Present 3.2 3.59 

Ni0.75Li0.25O Present 3.9 3.22 

 

Table.III.14.Theoretical and experimental band gap energy values of Ni1-xNaxO  

material reference Calculated 

band gap 

GGA+U (eV) 

Eg(eV) Exp./UV-

Visible 

spectrophotometer 

NiO Present 3.73 3.79 

Ni0.9687Na0.0312O Present 2.75 3.67 

Ni0.9375Na0.0625O Present 3.68 3.63 

Ni0.875Na0.125O Present 0.96 2.08 

Ni0.75Na0.25O Present 3.82 3.33 
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Table.III.15. Theoretical and experimental band gap energy values of Ni1-xKxO  

material reference Calculated 

band gap 

GGA+U (eV) 

Eg(eV) Exp./UV-

Visible 

spectrophotometer 

NiO Present 3.73 3.79 

Ni0.9687K0.0312O Present 3.33 3.74 

Ni0.9375K0.0625O Present 2.63 3.71 

Ni0.875K0.125O Present 1.76 3.21 

Ni0.75K0.25O Present 2.1 3.00 

III.3.3.2.2. Density of states of pure and Ni1-xAxO (A=Li, Na and K) 

The density of states is a key term in solid-state physics that describes how available 

energy levels are distributed in a material or system. It can tell us a lot about the behavior and 

properties of electrons, phonons, and other elementary excitations in a particular energy 

range. The density of states is commonly expressed as a function of energy, and it is impacted 

by factors such as the material's crystal structure, band structure, and temperature. It can 

acquire insights into phenomena such as electrical conductivity, thermal characteristics, and 

optical behavior by studying the density of states, leading to breakthroughs in materials 

science, electronics, and energy-related technologies. 

Total and partial density of states of pure NiO are illustrated in figure (III.36).  The 

Fermi level separates the valence band (VB) from the conduction band (CB). These materials 

are an indirect band gap semiconductor, as evidenced by the VB maximum (VBM) and the 

CB minimum (CBM). The DOS of NiO for both spin channels is symmetric and for this 

reason the DOS for minority spin is not shown. Accordingly, the band gap (Eg) for NiO is 

about 3.73 eV slightly lower than the experimental value (3.79eV). For undoped NiO 

structure, we can see that The whole spectrum is occupied by Ni 3d states, with the exception 

of the interval from -2 eV to EF (0ev), where the O 2p states are more prominent. Ni 4s states 

contribute insignificantly and are not represented.  

For Li doping structures (NixLi1-xO), The Ni 3d and O 2p states contribute the most to 

the total DOS. Li 2s states provide a negligible impact. Despite their low occupation, the 

insertion of Li in the lattice clearly has a substantial impact on the electrical structure.  The 

top of the valence band is dominated by O2p states, while the bottom of the conduction band 
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is dominated by Ni 3d orbitals. Because of the various p orbitals formed by Na, K, and O 

atoms, it is possible that Na and K will change the valence band edge (p-type doping) or inject 

impurity states into the band gap. In the case of Na doping (NixNa1-xO), we observe that some 

bands coming from Na 2p states lie slightly above the VBM of NiO, but a smaller number of 

Na 2p states equally locate at the CBM. However, these impurity bands are fully occupied and 

unable to serve as recombination sties due to the Fermi level EF, which is situated above the 

Na 2p states. This would greatly lower the photon transition energy for electron transport 

from these states to the CBM. The band gap narrows with the increase of Na concentration in 

NiO host lattice as a result of this process, and the resultant value of 3. 35 eV is substantially 

less than that of pure NiO (3.73eV). When it comes to K-doped NiO (figure.III.39), some 

impurity bands are introduced above the VBM, while others lay in the band gap. A portion of 

these bands also locate below the CBM. As a result of all of them, the band gap is 

significantly reduced. 
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Figure III.36.Total and partial electronic density of states of undoped NiO 
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Figure III.37. Total and partial electronic density of states of Ni1-xLixO 
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Figure III.38. Total and partial electronic density of states of Ni1-xNaxO 
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Figure III.39.Total and partial electronic density of states of Ni1-xKxO 

III.3.3.3. Electronic properties of Ni1-2xAxLaxO (A=Li, Na and K) 

III.3.3.3.1. Band structures 

The calculated band structures of Ni1-2xAxLaxO (A=Li, Na and K) materials are 

presented in figure (III.40). As shown in figure below, the calculated band structures of Ni1-

2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625), exhibit an indirect band  
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gaps. The calculated band gap values are close to the experimental band gaps obtained in the 

present thesis. The addition of La ions to the alkali doped NiO host lattice, led to more band 

gap shrinking. Unlike the alkali doping, we found that the incorporation of La ions to the 

alkali doped NiO (Li, Na or even K) led to disappearance of the dispersion around the Fermi 

level, however, there no bands located above the Fermi level. Both experimental and 

theoretical band gap values obtained in the present work of the co-doped NiO samples are 

listed in table (III.16).  
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Figure III.40.Electronic band structure of co-doped NiO Ni1-2xAxLaxO A=(Li, Na, 

K), (x=0.03, 0.06) 

Table.III.16.Theoretical and experimental band gap energy values of co-doped  NiO thin 

films Ni1-2xAxLaxO A=(Li, Na, K), (x=0.03, 0.06) . 

material reference Calculated 

band gap 

GGA+U (eV) 

Eg(eV) Exp./UV-

Visible 

spectrophotometer 

3%La-3%Li-NiO Present 2.86 3.54 

6%La-6%Li:NiO Present 2.1 3.46 

3%La-3%K:NiO Present 2.63 3.706 

6%La-6%K:NiO Present 1.5 3.47 

3%La-3%Na:NiO Present 2.75 3.42 

6%La-6%Na:NiO Present 2.0 3.26 

III.3.3.3.2. Density of states  

Figure (III.41) illustrates the partial and total density of states of Ni1-2xLixLaxO 

structures (x= 0.0312, 0.0625). It’s clear that La ions has a considerable contribution to the 

density of states, however the prominent feature observed in the conduction band CB is 

located around 5 eV above the Fermi level and is dominated by La5d states along Ni3d states. 

The rest of the conduction band is mainly dominated by Ni3p states with negligible 

contribution from Li2s and La6s states. Ni4s states have a negligible and are not shown. The 

states of La5p and O2s from the VBs lying near -15 eV and -20 eV respectively, while the 

states the states Ni3d with O2p contribute in the VBs ranging from -10 to -3eV. The top of the 
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valence band is composed mainly of O2p states. Partial and total density of states of Ni1-

2xLixLaxO structures is shown in figure (III.57). As seen in this figure, the bands originating 

from Na2p and La5p states locate just above the VBM of NiO, while less Na2p and La5p 

states locate at the CBM simultaneously. On the other hand, the Fermi level located above the 

Na2p states means that these impurity bands are fully occupied and cannot act as 

recombination sites. This would serve to reduce the photon transition energy significantly for 

electron transfer from these states to the CBM, consequently this process induces a narrowing 

of the band gap. For Ni1-2xKxLaxO structures, their density of states was shown in figure 

(III.57). We have found that the incorporation of La atoms to the K doped NiO structures 

results in the appearance of some impurity bands introduced above the VBM while some lie 

in the band gap farther some of these states located below the CBM. All of that led to a 

significant reduction in the band gap to a value around 1.5eV. 
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Figure III.41. Total and partial density of states of co-doped  NiO Ni1-2xAxLaxO 

A=(Li, Na, K), (x=0.03, 0.06) 

III.3.4. Optical properties  

Optical characteristics provide important information about how materials interact 

with light. allowing researchers to comprehend and control light matter interactions. A 

material's optical properties reveal vital information about its electronic structure. Nickel 
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oxide thin films are semiconductors with a wide band gap. They feature intriguing optical 

properties that make them extremely attractive for a wide range of applications. In this 

section, we calculated the optical properties using the dielectric function ε(ω) (the dielectric 

function, the refractive index, the extinction coefficient, absorption, reflectivity, and the loss 

function) Pure and Ni1-xAxO (A=Li, Na, K). For different concentrations (x=3%, 6%, 12% 

and 25%).  

III.3.4.1. Optical Constants  

The dielectric function is a key feature in the study of different optical and electronic 

properties of crystals, including light reflection, transmission, and absorption, as well as the 

behavior of electrons and excitations within the material. Its frequency dependence reveals 

information on the crystal's behavior across a wide range of electromagnetic frequencies,  

 from radio waves to x-rays. The dielectric function of the crystals is primarily determined by 

transitions between the valence and conduction bands; however, optical properties can be 

calculated using the function written in the form: 

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔)                                             (III.13) 

Where 𝜀1(𝜔)  and 𝜀2(𝜔)  are the real part and imaginary part of the dielectric function 

respectively. 

The imaginary part of the dielectric function can be written as:  

𝜀2(𝜔) =
4𝜋𝑒2

𝛺𝜀0
∑ |𝜑𝐾

𝐶 |𝑢, 𝑟|𝜑𝐾
𝑉|2𝛿(𝐸𝐾

𝐶 − 𝐸𝐾
𝑉 −𝜔)𝐾,𝑉,𝐶                  (III.14) 

Where: 

𝑒 is the electron's charge. 

𝛺 is the volume of a unit cell. 

𝜑𝐾
𝐶  and 𝜑𝐾

𝑉   are proper functions of Bloch type that corresponds to 𝐸𝐾
𝐶 , 𝐸𝐾

𝑉 respectively. 

𝜔 is the frequency. 
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Indeed, the real and imaginary parts of the dielectric function are given by the Kramers-

Kronig relation (III.15) and (III.16)  

𝜀1(𝜔) = 1 +
2

𝜋
𝑃 ∫

𝜔′𝜀2(𝜔
′)

𝜔′2−𝜔2
𝑑𝜔′∞

0
                                      (III.15) 

𝜀2(𝜔) = −
2𝜔

𝜋
𝑃 ∫

𝜀1(𝜔
′)−1

𝜔′2−𝜔2
𝑑𝜔′                                                   

∞

0
(III.16) 

Where P is the principal part of the Cauchy integral. 

With knowledge of the complex dielectric function, other optical constants, such as the 

refractive index 𝑛(𝜔), the extinction coefficient 𝑘(𝜔), and the absorption coefficient𝛼(𝜔), 

The reflectivity 𝑅(𝜔)and the loss function 𝐿(𝜔), 

can be calculated using the following formulas: 

𝑛(𝜔) =
1

√2
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) + 𝜀2(𝜔)]

1

2
                              (III.17) 

𝐾(𝜔) =
1

√2
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) + 𝜀1(𝜔)]

1

2
                               (III.18) 

𝛼(𝜔) =
1

√2𝜔
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) + 𝜀1(𝜔)]

1

2
                              (III.19) 

𝑅(𝜔) =
(𝑛−1)2+𝐾2

(𝑛+1)2+𝐾2
                                                           (III.20) 

𝐿(𝜔) = 𝐼𝑚 (
−1

𝜀(𝜔)
) =

𝜀2(𝜔)

𝜀1
2(𝜔)+𝜀2

2(𝜔)
                                    (III.21) 

III.3.4.2. The dielectric function 𝜺(𝝎) 

III.3.4.2.1. The dielectric function 𝜺(𝝎) of pure and Ni1-xAxO (A=Li, Na and K) 

 Figure (III.42) shows the imaginary part of the dielectric function of pure and Alkali 

doped NiO structures: Ni1-xLixO, Ni1-xNaxO, Ni1-xKxO (x= 0.0312, 0.0625, 0. 125, 0.25). 

Based on these figures, the curves of𝜀2(𝜔)  indicate that the first critical points of the 

dielectric function are produced at 5.1, 1.2, 4.99, 1.98, 2.36 eV for Ni1-xLixO structures and 

3.14, 4.98, 4.87, 0.89  eV for Ni1-xNaxO structures and 3.6, 4.87, 4.06, 0.14  eV for Ni1-

xKxO structures for x= 0.0312 , 0.0625, 0.125, 0.25 concentrations respectively. The dielectric 
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function of the undoped NiO carries three major peaks at 8.3, 11.78, 16.97  eV while in 

Ni0.963Li0.0312O structure the major transitions appear at 4.5, 9.9, 14.89  eV and 8.44, 12.25, 

17.31  eV for Ni0.937Li0.0625O and 8.08, 11.67, 16.16  eV for Ni0.875Li0.125O and 5.56, 9.48, 

17.54  eV for Ni0.75Li0.25O structure. The Ni0.963Na0.0312O structure exhibits two major peaks 

at 6.6, 16.73 eV and at 8.78, 17.2 eV for Ni0.937Na0.0625O and 7.17, 17.3 eV for Ni0.875Na0.125O 

while the Ni0.75Na0.25O structure carries four major peaks at 0.95, 7.7, 10.5, 17,09 eV. Same 

for Ni0.963K0.0312O structure which shows major transitions at 6.8, 16.73 eV, and 8.44, 16.7 eV 

for Ni0.937K0.0625O structure and at 6.94, 12.94, 16.86 eV for Ni0.875K0.125O and at 0.95, 5.45. 

15.82 eV for Ni0.75K0.25O structure. The optical transition between the highest valence band 

and the lowest conduction band is the source of these points, and the critical point values 

correlate with the optical gaps. For an increase in dopant concentration, the imaginary parts of 

the differential equation generally decrease.  
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 Figure III.42. The imaginary part of the dielectric function of Ni1-AxO (A=Li, Na, K).  

The real part of the dielectric function of pure and Alkali doped NiO structures: Ni1-xLixO, 

Ni1-xNaxO, Ni1-xKxO (x= 0.0312, 0.0625, 0. 125, 0.25) are illustrated in figure (III.43). It is 

well known that the frequency zero limit, or 𝜺𝟏(𝟎), is a significant quantity that represents the 

electrical response to the static field. According to these figures, the static dielectric constant 

of Ni1-xLixO structures are: 3.03, 9.5, 12.27, 3.1, 3.19ev. And 3.03, 10.01, 4.26, 9.12, 6.19 eV 
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for Ni1-xNaxO structures and 3.03, 12.3, 3.4, 8.01 eV for Ni1-xKxO structures for x= 0, 0.0312, 

0.0625, 0. 125, 0.25 respectively.  
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Figure III.43. The real part of the dielectric function of Ni1-AxO (A=Li, Na, K).  
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III.2.4.2.2. The dielectric function 𝜺(𝝎)of Ni1-2xAxLaxO (A=Li, Na and K) 

The imaginary part of the dielectric function of Ni1-2xLixLaxO, Ni1-2xNaxLaxO and Ni1-

2xKxLaxO (x= 0.0312, 0.0625) structures is presented in figure (III.44). The first transition 

between the minimum conduction band and the maximum valence band is produced at 1.95, 

2,03 eV for Ni0.937Li0.0312La0.0312O and Ni0.87Li0.0625La0.0625O respectively. For 

Ni0.937K0.0312La0.0312O  and Ni0.87K0.0625La0.0625O, the analysis of imaginary part indicates that 

the first critical point is produced at 3.01 and 3.99  eV respectively, while it is found to be  

produced at 3.34 and 3.83  eV for Ni0.937Na0.0312La0.0312O  and Ni0.87Na0.0625La0.0625O 

respectively. As shown in figure (III.60), the Ni0.937Li0.0312La0.0312O structure exhibited tow 

major peaks at 5.81 and 16,34 eV. The major peaks of Ni0.937K0.0312La0.0312O is produced at 

5.97, 16.68eV and at 7.45, 15.85eV for Ni0.87K0.0625La0.0625O and at 6.14, 17 eV for 

Ni0.937Na0.0312La0.0312O. The optical transition between the highest valence band and the 

lowest conduction band is the source of these points, and the critical point values correlate 

with the optical gaps.  
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Figure III.44.The imaginary part of the dielectric function of co-doped NiO Ni1-

2xAxLaxO A=(Li, Na, K) 

The variation of the real part ℇ1(𝜔) of the differential equation function with energy 

for the bonds Ni1-2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625) structures 
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is shown in figure (III.45). It can be observed that the optical spectra depicted in this figure 

are similar with only minor variations. According to this figure, the staticdielectric constant 

values are: 3.47, 3.3, 3.34, 3.58, 3.56, 3.66 eV for Ni0.937Na0.0312La0.0312O,  

Ni0.87Na0.0625La0.0625O,  Ni0.937K0.0312La0.0312O,  Ni0.87K0.0625La0.0625O, Ni0.937Li0.0312La0.0312O , 

Ni0.87Li0.0625La0.0625O respectively.  
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Figure III.45.The real part of the dielectric function of co-doped NiO Ni1-2xAxLaxO A=(Li, 

Na, K) 

III.2.4.3. Refractive index 𝒏(𝝎) 

III.2.4.3.1. Refractive index 𝒏(𝝎)of pure and Ni1-xAxO (A=Li, Na and K) 

The refractive index, 𝑛(𝜔)of an optical support is a dimensionless number that 

indicates how light or any other radiation propagates through the support. The variation of the 

refractive index n(ω) with energy is shown in figure (III-46). This figure displays the 

statistical refractive index, or n(0), for each material. According to the figures below, the 

statistical refractive index of Ni1-xLixO structures are: 1.71, 2.23, 1.68, 1.77, 1.86 eV and for 

Ni1-xNaxO are: 1.71, 4.5, 2.07, 3.01, 2.4 eV and for Ni1-xKxO: 1.71, 1.73, 1.6, 1.77, 2.85 eV 

for x= 0, 0.0312, 0.0625, 0. 125, 0.25 respectively. 
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Figure III.46. The refractive index of Ni1-xAxO (A=Li, Na, K). 

III.2.4.3.2. Refractive index 𝒏(𝝎) of Ni1-2xAxLaxO (A=Li, Na and K) 

The Refractive index 𝑛(𝜔) of Ni1-2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO 

(x= 0.0312, 0.0625) structures is presented in figure (III.47). According to this figure(III.47), 

the  
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Statistical refractive index of Ni0.937Na0.0312La0.0312O, Ni0.87Na0.0625La0.0625O, 

Ni0.937K0.0312La0.0312O, Ni0.87K0.0625La0.0625O, Ni0.937Li0.0312La0.0312O, Ni0.87Li0.0625La0.0625O 

are :1.91, 1.88, 1.82, 1.91, 1.92 and 2.09 eV respectively. We can notice that the  𝒏(𝝎) 

spectres of the co-doped structures are almost similar. 
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Figure III.47. The refractive index of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K). 

III.2.4.4. The extinction coefficient 𝒌(𝝎) 

III.2.4.4.1.The extinction coefficient 𝒌(𝝎)of pure and Ni1-xAxO (A=Li, Na and K) 

The extinction coefficient 𝑘(𝜔)of pure and Alkali doped NiO structures: Ni1-xLixO,            

Ni1-xNaxO , Ni1-xKxO (x= 0.0312 , 0.0625, 0. 125, 0.25) are illustrated in figure (III.48).We 

notice multiple peaks, the most intense of which is located at 17.43, 4.76, 18.12, 18.24, 17,78 

eV for Ni1-xLixO structures and at 17.43, 17.03, 18.53, 17.89, 17.78 eV for Ni1-xNaxO 

structures and at 17.43, 16.58, 17.54, 17.78, 16.042 eV for Ni1-xKxO structures (x= 0, 0.0312, 

0.0625, 0. 125, 0.25 respectively).The extinction coefficient is proportional to the imaginary 

part of the dielectric function. 
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Figure III.48. The extinction coefficient of Ni1-xAxO (A=Li, Na, K). 

III.2.4.4.2. The extinction coefficient 𝒌(𝝎)of Ni1-2xAxLaxO (A=Li, Na and K) 

It is evident from figure (III.49) that the extinction coefficient of co-doped structures 

matches the evolution of the imaginary part of the dielectric function. The extinction 

coefficient 𝑘(𝜔) of Ni1-2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625) 

structures is presented in the figure (III.49).According to this figure a principal peak situated 

at 17.5, 17.16, 16.83, 17.50, 17.99, 17.33 eV for Ni0.937Na0.0312La0.0312O, 
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Ni0.87Na0.0625La0.0625O, Ni0.937K0.0312La0.0312O,  Ni0.87K0.0625La0.0625O, Ni0.937Li0.0312La0.0312O, 

Ni0.87Li0.0625La0.0625O structures respectively.  
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Figure III.49.The extinction coefficient of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K). 

III.2.4.5.Absorption coefficient α(𝝎) 

III.2.4.5.1.Absorption coefficient α(𝝎)of pure and Ni1-xAxO (A=Li, Na and K) 

The results of the absorption coefficients of pure and alkali doped NiO structures: Ni1-

xLixO, Ni1-xNaxO, Ni1-xKxO (x= 0.0312, 0.0625, 0. 125, 0.25) as a function of incident light 

energy are displayed in figure (III.50). It can be seen that the absorption edge starts from the 

energy values of 3.86, 2.54, 4.83, 3.33, 2.4 eV corresponding to the energy gaps of Ni1-xLixO 

structures and from 3.86, 3.85, 4.91, 2.67, 2.27 eV corresponding to the energy gaps of Ni1-

xNaxO structures and from 3.86, 3.85, 3.01, 2.93, 1.09 eV corresponding to the energy gaps of 

Ni1-xKxO structures   for x= 0, 0.0312, 0.0625, 0.125, 0.25 respectively. The coefficient of 

absorption of these alkali doped NiO structures indicates that they have good absorption 

properties. Also, this figure demonstrates the fact that a progressive change in the absorption 

edge of the alkali doped NiO structures occurs with an increase in the concentration of 

dopants. The absorption region of the alkali doped NiO materials are located in the near-

ultraviolet. 
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Figure III.50.The absorption coefficient of Ni1-xAxO (A=Li, Na, K). 

III.2.4.5.2.Absorption coefficient α(𝝎) ofNi1-2xAxLaxO (A=Li, Na and K) 

The results of the absorption coefficients of co-doped NiO structures Ni1-2xLixLaxO, Ni1-

2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625) as a function of incident light energy are 

presented in figure (III.51).  It can be seen that the absorption edge starts from the energy 

values of 2.85, 3.59, 3.75, 3.55, 3,29, 3.012 eV corresponding to the energy gaps for 

Ni0.937Na0.0312La0.0312O, Ni0.87Na0.0625La0.0625O, Ni0.937K0.0312La0.0312O,  Ni0.87K0.0625La0.0625O, 
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Ni0.937Li0.0312La0.0312O, Ni0.87Li0.0625La0.0625O structures respectively. According to figure 

(III.67), the absorption of co-doped NiO structures is similar, which is consistent with the 

extinction coefficient curves. The highest peak of the co-doped NiO curves belongs to 

Ni0.87Li0.0625La0.0625O  structure is located at 19.30eV, where the absorption is 3.32 x 105 /cm. 
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Figure III.51. The absorption coefficient of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K). 

III.2.4.6. Reflectivity 𝑹(𝝎) 

III.2.4.6.1. Reflectivity 𝑹(𝝎)of pure and Ni1-xAxO (A=Li, Na and K) 

The calculated reflectivity of pure and Alkali doped NiO structures: Ni1-xLixO,            

Ni1-xNaxO , Ni1-xKxO (x= 0.0312 , 0.0625, 0. 125, 0.25) is laid out in the equation (III-8) and 

illustrated in the figure (III.52).Maximum reflectivity is produced by energy values at 17.82, 

16.01, 18.81, 20.97, 20.82 eV for Ni1-xLixO and at 17.82, 19.96, 15.52, 15.35, 15,.18 eV for 

Ni1-xNaxO and at 17.82, 17.33, 18.64, 18.81, 19.31 eV  for Ni1-xKxO.These values are in the 

ultraviolet range. As a result, the current findings suggest that the Alkali doped NiO materials 

could be used in optical devices such as ultraviolet radiation screens. 
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Figure III.52. Reflectivity of Ni1-xAxO (A=Li, Na, K). 

III.2.4.6. Reflectivity 𝑹(𝝎)ofNi1-2xAxLaxO (A=Li, Na and K) 

The results of the reflectivity coefficients of co-doped NiO structures Ni1-2xLixLaxO, 

Ni1-2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625) as a function of incident light energy 

are presented in figure (III.53).  It can be seen that the Maximum reflectivity is produced by 

energy values at 19.45, 20.19, 19.45, 21.52, 19.75, 22.7eV. These energy values are in the 
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ultraviolet region. Therefore, the present results suggest that the co-doped NiO Materials can 

be used in optical devices such as ultraviolet radiation shields. 
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Figure III.53. Reflectivity of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K). 

III.2.4.6. Energy loss function 𝑳(𝝎) 

III.2.4.6.1.  Energy loss function 𝑳(𝝎)of pure and Ni1-xAxO (A=Li, Na and K) 

The function of loss of energy of electrons 𝐿(𝜔) is an optical parameter that describes 

the loss of energy of an electron moving rapidly through a material. The peaks in the spectral 

lines 𝐿(𝜔) represent the properties associated with plasma resonance, and the corresponding 

frequency is the plasma frequency above which the material is a dielectric 𝜀1(𝜔)>0 and below 

which the material behaves as a metallic compound in some sense 𝜀1(𝜔)<0. 0. In addition, the 

peaks of the spectra L (𝜔) overlaps the trailing edges in the reflection spectra. The 𝐿(𝜔) 

peaks of pure and Alkali doped NiO structures: Ni1-xLixO, Ni1-xNaxO, Ni1-xKxO (x= 0.0312, 

0.0625, 0. 125, 0.25) is laid out in the equation (III-8) and illustrated in the figure (III.54). 
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Figure III.54. Loss functions of Ni1-xAxO (A=Li, Na, K). 

III.2.4.6.2. Energy loss function 𝑳(𝝎)of Ni1-2xAxLaxO (A=Li, Na and K) 

The energy loss function L (𝜔), which describes the energy loss of a semiconductor when 

electrons pass through a homogeneous dielectric medium, can be obtained from the dielectric 

function according to equation (III.21). The 𝐿(𝜔)  peaks of co-doped NiO structures Ni1-

2xLixLaxO, Ni1-2xNaxLaxO and Ni1-2xKxLaxO (x= 0.0312, 0.0625) are shown the figure (III.55). 
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Figure III.55. Loss functions of co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K). 

III.2.5. Elastic properties 

III.2.5.1. Introduction 

The Elastic properties of materials describe their mechanical behavior; their study is very 

essential in the field of engineering [42]. The elastic properties of solid materials have an 

important scientific and technological significance. Their measurement provides information 

about the forces that connect the atoms or ions that make up a solid, which is critical for 

interpreting and comprehending the nature of chemical bonds in solids. The elasticity of 

solids is the material's response to applied forces; these forces can cause reversible 

deformations (return to the initial state). Hooke's law only applies to small deformations and 

establishes that in an elastic solid, deformation is proportional to constraint. Tensors of 

constraints describe the forces. The responses are known as deformations, and they are also 

provided by tensors. Because the deformation occurs in the linear domain, the relationship 

between constraint and deformation is constant for small constraints. The tensor constraint 

and deformation symmetries allow us to write Hooke's law as follows. 

𝜎𝑖𝑗 = ∑ 𝐶𝑖𝑗𝑘𝑙𝜀𝐾𝑙𝐾,𝐿                                                         (III.22) 
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Where 𝜎𝑖𝑗, 𝜀𝐾𝑙 and 𝐶𝑖𝑗𝑘𝑙  are the tensors of constraint, deformation, and elasticity respectively. 

In cubic symmetry, this is simplified into a 6 x 6 matrix of elastic constants Cij. In the case of 

cubic symmetry, this matrix has just three non-zero independent elements: C11, C12, and C44. 

The elasticity constant C11 represents the resistance to constraint (compression or traction). 

The value C44 represents the resistance to shear. The elastic constant C12 does not have a 

straightforward physical meaning, but its combination with other constants provides 

additional information on the elastic behavior of cubic materials. The relationship between 

tension, elasticity, and deformation becomes: 

𝜎̅ =

(

 
 
 

𝐶11 𝐶12
𝐶12 𝐶11

𝐶12 0
𝐶12 0

0 0
0 0

𝐶12 𝐶12
0 0

𝐶11 0
0 𝐶44

0 0
0 0

0 0
0 0

0 0
0 0

𝐶44 0
0 𝐶44)

 
 
 

                    (III.23) 

Numerical results obtained for the elastic constants (Cij) of the pure and Ni1-xAxO 

(A=Li, Na and K) are reported in tables (III.17), (III.18) and (III.19) with the results 

compared to other experimental and theoretical calculations. All Cij values are in GPa. In a 

cubic structure, mechanical stability necessitates the following constraints on elastic constants 

[41].  

               C11 + 2C12>0, C44> 0   and C11 - C12> 0                               (III.24)    

III.2.5.2. Elastic constants calculation 

The obtained results are listed in the tables (III.17), (III.18) and (III.19) for the pure 

and alkali (Li, Na, K) doped NiO structures, respectively. And, in order to make a 

comparison, we compared previously published experimental and theoretical data. 

III.2.5.2.1. Elastic constants calculation of pure and Ni1-xAxO (A=Li, Na and K) 

The estimated Cij values above clearly show that restrictions are satisfied, meaning 

that both undoped and A-doped NiO (A=Li, Na, K) are mechanically stable for all 

concentrations. The results obtained in this study correspond well with earlier theoretical and 

experimental [43, 44] reports for undoped NiO with a minor discrepancy within the calculated 

C11 values and the experimental data. The complex explanation of the correlation between the 
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Mott type insulator's 3d electrons is the cause of the discrepancy [45]. As far as we know, 

there is no reference in the literature to these constants. As a result, the findings in this 

research offer predictive data for future studies. It is clear from the computed Cij values above 

that constraints have been satisfied, suggesting that both doped and undoped NiO exhibit 

mechanical stability. For both pure and alkali doped NiO, it was discovered that C11 is greater 

than C44. This leads us to assume that in these materials, compression resistance is greater 

than shear resistance. Being aware that C11 measures the resistance to linear compression in a 

direction. From tables below (III.17), (III.18), (III.19) we notice that C11 increases than 

decreases along with the concentration x for all doped NiO structures. When the values of the 

elastic constants obtained for Ni1-xLixO, Ni1-xNaxO and Ni1-xKxO are compared, we can see 

that the elastic constants obtained for Ni1-xLixO materials have a high value in comparison to 

the results obtained for Na and K-doped NiO for low concentrations, while Ni1-xNaxO 

materials exhibit the highest values for the higher concentrations. The most significant factor 

directly controlling a material's identification hardness is its C44. Strong resistance to 

monoclinic shear distortion is indicated by a significant value of C44. In the present case Li 

and Na doping showed a higher C44 values especially for low concentrations unlike K doping. 

The variation of elastic constants of Ni1-xAxO (A=Li, Na, K) as function of the concentration 

x is illustrated in the figure (III.56). 
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Table III.17. Elastic constants of Ni1-xLixO as a function of the concentration x. 

 Reference C11 C12 C44 

NiO Present 

Other works 

247.84 

342.7a 

342.5a 

360b 

389b 

415b 

183.53 

141.3a 

136.5a 

250b 

131b 

117b 

39.54 

41.2a 

42.1a 

36b 

43b 

91.69b 

Ni0.9687Li0.0312O  260.5 180.07 81.008 

Ni0.9375Li0.0625O  277.23 148.05 49.25 

Ni0.9063Li0.0937O  288.26 147.56 81.15 

Ni0.875Li0.125O  303.61 147.15 64 

Ni0.75Li0.25O  372.37 183.61 63.32 

aRef [43] bRef [44]    

Table III.18. Elastic constants of Ni1-xNaxO as a function of the concentration x. 

material Reference C11 C12 C44 

Ni0.9687Na0.0312O  236.27 176 79.47 

Ni0.9375Na0.0625O  221.52 148.19 42 

Ni0.9063Na0.0937O  211.87 171.12 78.25 

Ni0.875Na0.125O  198.41 178.05 20.75 

Ni0.75Na0.25O  174.63 110.63 94.63 

Table III.19. Elastic constants of Ni1-xKxO as a function of the concentration x. 

 Reference C11 C12 C44 

Ni0.9687K0.0312O  246 148.45 63.98 

Ni0.9375K0.0625O  246.03 163.63 31.98 

Ni0.9063K0.0937O  245.89 190.34 43.95 

Ni0.875K0.125O  245.09 133.76 17.47 

Ni0.75K0.25O  220.97 124.88 23.11 
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Figure III.56. Variation of elastic constants of Ni1-xAxO (A=Li, Na, K) as function of the 

concentration x. 

III.2.5.2.2.Elastic constants calculation of Ni1-2xAxLaxO (A=Li, Na and K) 

Our results for the elasticity modules C11, C12, and C44 are shown in table (III.20),The 

above predicted Cij values unequivocally demonstrate that constraints are met, indicating that 
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at for all concentrations Ni1-2xAxLaxO  (A=Li, Na, and K) for (x=0.0312, 0.0625)exhibit 

mechanical stability. To the best of our knowledge, our results can serve as a reference in the 

lack of experimental and theoretical data on the elastic constants of Ni1-2xAxLaxO (A=Li, Na, 

and K) materials. As shown in the table below, introducing La atoms in the doped NiO 

structure leads to increase the elastic constants value. Same in the previous investigation of 

pure and doped NiO structures, the C11 elastic constants exhibits higher values than other 

elastic constants C12 and C44 which means a resistance to compression higher than the 

resistance to shear. The computed C44 values of undoped, alkali doped and co-doped NiO 

were discovered to be relatively low. Kube et al. claim that this low value of C44 is indicative 

of d-band filling in transition metal alloys [46]. Variation of elastic constants co-doped NiO 

Ni1-2xAxLaxO A= (Li, Na, K) as function of the concentration x is presented in figure (III.57). 

Table III.20. Elastic constants of Ni1-2xAxLaxO (A=Li, Na and K)as a function of the 

concentration x. 

material Reference C11 C12 C44 

Ni0.9375Li0.0312La0.0312O  586.91 213 72 

Ni0.8750Li0.0625La0.0625O  378.4 138 24 

Ni0.9375Na0.0312La0.0312O  378.2 163.34 52.2 

Ni0.8750Na0.0625La0.0625O  289.64 104.57 49.371 

Ni0.9375K0.0312La0.0312O  415.13 169.86 37.78 

Ni0.9375K0.0312La0.0312O  523.38 184.07 40.46 
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Figure III.57.Variation of elastic constants co-doped NiO Ni1-2xAxLaxO A= (Li, Na, K) as 

function of the concentration x. 
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III.2.5.3. Elasticity modulus 

III.2.5.3.1. Elasticity modulus of pure and Ni1-xAxO (A=Li, Na and K) 

III.2.5.3.1.1. Bulk modulus  

The Bulk module of a material is defined as the relative fluctuation of its volume V per unit of 

applied hydrostatic pressure P [47]: 

𝐵 = −𝑉
𝑑𝑃

𝑑𝑉      
                                                                    (III.25) 

Where P presents pressure and V presents volume. T is considered constant, it's also known as 

a module of rigidity isotherm or a modulus of volume. The Bulk module measures the 

response of a solid to a change in pressure; it is a Key of the material that enters its state 

equation. However, the derivation from V is not well defined because it can be done in a 

variety of ways. Furthermore, each Bulk modulus B can be calculated using the Voigt-Reuss-

Hille approximations [47-51], as shown in the following equation: 

𝐵 =
(C11+2𝐶12)

3
                                                         (III.26) 

III.2.5.3.1.2. Shear modulus 

The shear modulus G is the relationship between the applied shea constraint and the 

resulting angle of deformation. The shear module, also known as the slip modulus, the 

Coulomb module, or the second coefficient of Lamy.  is unique to each material and plays a 

role in the classification of deformations caused by shear attempts [52].  It can be calculated 

using the following formula: 

𝐺 =
(C11−𝐶12+2𝐶12)

5
                                                 (III.27) 

III.2.5.3.1.3. Young's modulus 

The Young's modulus or elasticity E is given by the following relation [51]: 

𝐸 =
9𝐵𝐺

3𝐵+𝐺
                                                              (III.28) 
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III.2.5.3.1.4.Poisson's ratio 

The Poisson coefficient characterizes the traction of a solid perpendicular to the direction of 

the applied effort. The Poisson coefficient is defined as follows [52]: 

𝜗 =
3𝐵−2𝐺

2(3𝐵+𝐺)
                                                         (III.29) 

III.2.5.3.1.5.Debye temperature 

The Debye temperature characterizes the behavior of a material's thermal capacity. This 

parameter is affected by the specific heat and the fusion temperature of the material. The 

temperature of Debye is calculated as a function of the average speed of sound using the 

equation [53]: 

𝜃𝐷 =
ℎ

𝑘𝐵
[
3𝑛

4𝜋
(
𝑁𝐴𝜌

𝑀
)]
1 3⁄

𝑉𝑚                                             (III.30) 

Where : h is the Plank constants (h = 6.6262 J. s) 

𝐾𝐵: is the Boltzman 𝐾𝐵 = 1.38 × 10
−23𝐽. 𝑑𝑒𝑔−1 

NA: Avogadro's Number 

𝜌: is the volumic mass 

n: number of atoms par formula unit. 

M: the molecular mass per formula unit. 

The average wave velocity Vm can be achieved by using the following equation [54] 

𝑉𝑚 = [
1

3
(
2

𝑉𝑡
3 +

1

𝑉𝑙
3)]

−1
3⁄

                                            (III.31) 

Where 𝑉𝑙 and 𝑉𝑡 are Where Vl and Vt are the longitudinal and transversal sound speeds 

obtained from Navier's equation [42]:  

𝑉𝑙 = √
3𝐵+4𝐺

3𝜌
                                                     (III.32) 
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𝑉𝑡 = √
𝐺

𝜌
                                                          (III.33) 

Where 𝜌,𝐵𝑎𝑛𝑑𝐺 are density, Bulk modulus and shear modulus.  

Bulk B and Shear G modulus are calculated using the elastic constants Cij. Bulk 

modulus B is thought to be the resistance to rupture, while the shear modulus G is thought to 

be the resistance to deformation. The calculated modules of shear and Bulk are shown in the 

tables (III-21), (III-22) and (III-23). According to equations (III.28) the Young's modulus, 

which measures material rigidity, is related to the Bulk and shear modulus.  In order to 

classify the compounds as either fragile or ductile, the B/G ratio was calculated. If B/G is less 

than the critical value of 1.75, a material is considered fragile; otherwise, it is ductile if it is 

greater than 1.75 means (fragile< 1.75< ductile) [56], as a result, both pure and alkali doped 

NiO are ductile composites. The Debye temperature (θD) of materials is an important 

parameter that is related to several physical properties such as specific heat, elastic constants, 

and fusion temperature. It is also directly related to the thermal vibration of atoms. 

Furthermore, it reflects structural stability and the strength of solid-solid bonds. According to 

our knowledge, the literature contains no information on the shear modulus, longitudinal 

voice velocity, or Debye (θD) temperatures of Ni1-xAxO (A=Li, Na, K); so, our results are 

predictions and may serve as a reference for future experimental research. The evolution of 

bulk modulus (B), shear modulus (G) and Young modulus of Ni1-xAxO (A=Li, Na, K) as 

function of the concentration x is presented in figure (III.58). 
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Table III.21. Variation of the elastic modules and the Debye temperature θD of Ni1-xLixO as a 

function of the concentration x. 

Material B(GPa) G(Gpa) B/G E(GPa) ν Vt(m/s) Vl(m/s) Vm 

(m/s) 

ΘD 

(K°) 

NiO 204.9667 

199a 

186b 

191c 

208d 

187e 

210f 

236g 

 

36.5875 5.6020 103.598 0.415 2589.70 6820.0

4266 

2937.9

0537 

386.

86 

Ni0.9687Li0.0312O 206.88 64.6908 3.1979

82 

175.753

2 

0.358

41 

3315.43

155 

7057.5

2132 

3731.8

2361 

532.

76 

Ni0.9375Li0.0625O 191.11 55.386 3.4505

11 

151.520

5 

0.367

859 

3047.93

744 

6666.4

4909 

3435.1

4875 

495.

98 

Ni0.9063Li0.0937O 194.52 76.812 2.5324

17 

203.632

5 

0.325

526 

3993.90

077 

6948.5

7052 

4435.7

1356 

632.

43 

Ni0.875Li0.125O 199.3033 69.692 2.8597

73 

187.250

2 

0.343

413 

3523.55

905 

7215.2

1899 

3958.0

8329 

516.

31 

Ni0.75Li0.25O 246.53 75.744 3.2547

79 

206.122

3 

0.360

651 

3738.39

679 

8007.6

0106 

4209.1

903 

616.

03 
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Table III.22.Variation of the elastic modules and the Debye temperature θD of Ni1-xNaxO as a 

function of the concentration x. 

Material 

 
B(GPa) G(Gpa) B/G E(GPa) ν Vt(m/s) 

Vl(m/

s) 

Vm(

m/s) 
ΘD(K°) 

Ni0.9687Na0.0312O 196.09 59.736 3.28261 
162.687

8 

0.361

724 

2876.43

95 

6179.

95745 

3239.

15487 
459.59 

Ni0.9375Na0.0625O 
172.63

33 
39.866 4.33034 

111.049

8 

0.392

788 

2349.95

831 

5592.

542 

2657.

56753 
379.17 

Ni0.9063Na0.0937O 
184.70

33 
55.1 

3.35214

8 

150.349

4 

0.364

332 

2670.45

84 

5780.

46671 

3008.

26765 
441.54 

Ni0.875Na0.125O 
184.83

67 
16.522 

11.1873

1 

48.1318

8 

0.456

6 

1545.48

405 

5468.

62037 

1762.

53189 
227.84 

Ni0.75Na0.25O 
131.96

33 
69.578 

1.89662

4 

177.532

5 

0.275

781 

3278.50

777 

5892.

16144 

3651.

00278 
520.52 

 

Table III.23. Variation of the elastic modules and the Debye temperature θD of Ni1-xKxO as a 

function of the concentration x. 

material B(GPa) G(Gpa) B/G E(GPa) ν Vt(m/s) Vl(m/s) 
Vm(m/

s) 
ΘD(K°) 

Ni0.9687K0.0312O 180.96

67 
57.898 

3.12561

2 

156.955

4 

0.35

5447 

2523.3

6942 

5328.4

0093 

2839.1

4512 
409.34 

Ni0.9375K0.0625O 191.09

67 
35.668 5.35765 

100.736

5 

0.41

2142 

2063.2

3187 

5336.9

4857 

2339.4

9574 
329.76 

Ni0.9063K0.0937O 208.85

67 
37.48 

5.57248

3 

106.093

7 

0.41

5338 

2181.0
7189 

5731.6
214 

2474.1
8697 

343.28 

Ni0.875K0.125O 170.87 32.748 
5.21772

3 

92.3445

8 

0.40

9927 

2047.8

487 

5241.4

7527 

2321.3

532 
293.15 

Ni0.75K0.25O 156.91 33.084 
4.74277

6 
92.7344

1 
0.40
1499 

2199.5
6344 

5421.8
7225 

2490.4
6097 

337.81 
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Figure III.58.Evolution of bulk modulus (B), shear modulus (G) and Young modulus of Ni1-

xAxO (A=Li, Na, K) as function of the concentration x. 
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III.2.5.3.2. Elasticity modulus of Ni1-2xAxLaxO (A=Li, Na and K) 

The results of elastic modulus calculations for Ni1-2xAxLaxO (A=Li, Na and K) 

(x=0.0321, 0.0625) are presented in the table (III.24). There are no experimental or theoretical 

values for the rigidity module, for Ni1-2xLixLaxO, Ni1-2xNaxLaxO or Ni1-2xKxLaxO materials, 

thus, our results are predictions and can serve as a reference for future experimental research 

As seen in table (III.24) , the introduction of La ions in doped NiO structure led to increase 

the resistance to fracture and resistance to plastic deformation. The Young' modulus E, 

defined as the relationship between constraint and deformation, is commonly used to provide 

a measure of solid rigidity. Because the B/G value for all of the compounds was greater than 

1.75, co-doped NiO are ductile compounds. The formulas (III.32) and (III.33) were used to 

calculate the propagation speeds of elastic longitudinal and transversals of the co-doped NiO 

structures. Figure (III.59) illustrates the Evolution of bulk modulus (B), shear modulus (G) 

and Young modulus of Ni1-2xAxLaxO (A=Li, Na and K) as function of the concentration x. 
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Table III.24.Variation of the elastic modules and the Debye temperature θD of Ni1-2xAxLaxO 

(A=Li, Na and K) as a function of the concentration x. 
material Ref B(GPa) G(Gpa) B/G E(GPa) ν Vt(m/s) Vl(m/s) Vm(m/s) ΘD(K°) 

Ni0.93Li0.031La0.0312

O 

 337.63

67 

117.98

2 

2.86176

4 

317.020

1 

0.343

51 

4123.75

338 

8446.

24583 

4632.353

89 

661.9

6 

Ni0.87Li0.062La0.062O  218.13

33 

62.48 3.49125

1 

171.103

6 

0.369

267 

2975.99

647 

6536.

75703 

3354.713

1 

480.1

9 

Ni0.937Na0.031La0.03

O 

 234.96 74.292 3.16265

5 

201.625

4 

0.356

979 

3285.42

413 

6966.

33015 

3697.330

38 

524.6

3 

Ni0.875Na0.062La0.06

O 

 166.26 66.636

6 

2.49502

5 

176.349

6 

0.323

219 

3209.09

876 

6278.

98416 

3595.224

01 

495.7

0 

Ni0.937K0.031La0.031O  251.61

67 

71.722 3.50822

2 

196.496 0.369

844 

3228.21

757 

7103.

21936 

3639.318

27 

517.5

2 

Ni0.937K0.031La0.031O  297.17

33 

92.138 3.22530

7 

250.522

7 

0.359

497 

3735.42

419 

7975.

49393 

4205.184

27 

586.2

5 
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Figure III.59.Evolution of bulk modulus (B), shear modulus (G) and Young modulus of Ni1-

2xAxLaxO (A=Li, Na and K) as function of the concentration x. 
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General Conclusion 

This thesis focused on developing pure, alkali-doped NiO and alkali-la co-doped NiO 

thin films with low thickness and slightly higher alkali contents (x) (x =3%, 6%, 9%, 12% and 

25% at%) using the sol-gel method. The preparation protocol for undoped and alkali-doped 

NiO and alkali-la co-doped NiO thin films on glass substrates was developed using spin 

coating technique, starting with Nickel nitrate hexa-hydrate, and Mono Ethanolamine) MEA 

as a starting material, and stabilizer. 

Ideal experimental conditions were chosen in order to guarantee that the prepared thin 

films crystallized well. These conditions were chosen based on our review of the experimental 

literature. such as molar ratio of the solvent to metal ions, stirring, aging, cleaning and drying 

of substrates, spinning, preheating and annealing. The synthesized samples were examined 

using a variety of methods, including X-ray diffraction, ultraviolet-visible UV-vis 

spectrophotometry, and the four points method. 

On the other hand, first-principles calculations of structural, electronic, optical and 

elastic properties of pure and alkali-doped NiO and alkali-la co-doped NiO cubic materials (x 

=3%, 6%, 12% and 25% at%) were performed by DFT as implemented in CASTEP code. The 

generalized gradient approximation (GGA) in the scheme of Perdew–Burke–Ernzerhof (PBE) 

was employed to describe the exchange-correlation function. To ensure calculation 

convergence, we used ideal input criteria for computer code, based on theoretical literature 

reviews. such as the valence-electron configurations for the O, Ni, Li, Na, K and La atoms, 

the energy cut-off, pseudopotential, the sampling of the Brillouin zone by k-point meshes, the 

optimization convergence for maximum force, energy change, maximum displacement, 

maximum stress and the SCF convergence threshold. 

We summarize our findings from previous chapters and draw the following conclusions: 

Experimental investigations indicates that for Li doped NiO: 

• The XRD analyses indicate that the deposited films are polycrystalline structure and 

(200) plane is preferential orientation  

•  No impurity peaks are identified from the XRD pattern. 
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• The crystallite size decreases than increases with increasing dopant concentration. And 

it varies between 24.13 and 28.97 nm was affected by Li concentration. 

• All films exhibit a high optical transparency and transmittance is found to decrease 

with the increase in Li concentration. 

• The band gap of Li doped NiO samples was found to increase for 3% Li  doping (3.83 

eV) than it decreases to reach 3.22  eV for 25% Li. 

• The resistivity has been found to decrease with the increase in Li concentration, giving 

the lowest value in case of 3% Li doping. 

For Na-doped NiO 

• The XRD analyses indicate that the deposited films are polycrystalline structure The 

intensity of the (200) peak is often increased, especially at high Na-doping levels and 

the doped samples show a decrease in peak intensity and an increase in peak width 

when compared to the pure sample. 

•  No impurity peaks are identified from the XRD pattern. 

• The average crystallite size of 31.56 nm for pure NiO initially decreases to the reach 

24.13, 28.9, 20.68 and 20.69nm for 3, 6, 9 and 12% Na, then surprisingly increases to 

28.97nm with higher doping levels of 25%Na doping 

• the overall transmittance of the Na doped NiO samples exhibits a relatively low 

transparency compared to undoped NiO sample and Li doped NiO samples for same 

concentrations 

• The calculated band gap values were found to decrease with the increase of Na 

concentration in NiO host (3.67 to 3.33ev) 

• The resistivity has been found to decrease with the increase of Na concentration giving 

the lowest value in case of 25% Na doping. 

For K-doped NiO 

• For low K concentration the (111) presents the preferential peak intensity while the 

(200) peak is the preferred growth orientation for 12% and 25% K concentration.  

• The lattice parameter increases significantly from 4.16 nm for pure NiO to 4.17 nm for 

25% K doped NiO representing a lattice expansion. 
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• The average crystallite size of for pure NiO 31.56 nm first decreases for low K 

concentrations than increases along with the increase of K amount in the NiO host 

lattice to reach a maximum value for 12% K doping. 

• The transmittance for all thin films increases as the wavelength increases in the range 

of (300-375 nm), and then increases slowly at higher wavelengths 

• the calculated band gap values were found to decrease for 3%K doping (3.63ev) than 

slightly increase for 6%K doping (3.71ev)  but still less than the Eg value of the 

undoped band gap, than it decreases with the increase of K concentration to reach a 

minimal value (eV) for 12% K doping 

• K doping has resulted in a decrease in the resistivity values of the NiO samples from  

5.66 × 104𝑜ℎ𝑚. 𝑐𝑚 for undoped NiO to 0.1665× 104𝑜ℎ𝑚. 𝑐𝑚 for 3% K-NiO than it 

increases to reach 2.0317 × 104𝑜ℎ𝑚. 𝑐𝑚 for 12% K-NiO than it decreases again for 

25%K-NiO to achieve 0.393 × 104𝑜ℎ𝑚. 𝑐𝑚 

For alkali-La co-doped NiO 

• The XRD analyses indicated that the deposited films are polycrystalline structure and 

(200) plane is preferential orientation with no La2O3 or other impurity peaks. 

• The intensity of the peaks continuously decreases and the peaks gets broadening with 

La doping. 

• the FWHM of the co-doped samples is extremely large, indicating that the 

incorporation of La ions within NiO host lattice induces a decline of the crystallinity 

of the doped films 

• The grain size of the La co-doped NiO samples is very small in comparison with the 

alkali doped NiO samples. 

• The transparency of the co-doped samples is lying between 30 and 60 % in the visible 

region. 

• The incorporation of La ions in the NiO structure decreased the resistivity of the films 

and it varies between 0.009 and 0.0659 ×104 Ohm.cm.   

Theoretical investigations revealed that: 

Our findings concerning the structural characteristics of the equilibrium state (the 

mass (V) and lattice parameter (a)) of undoped, alkali-doped, and La-alkali co-doped NiO 
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structures agree well with the experimental values obtained in this work and those calculated 

using other ab-initio methods. Based on our findings, we note that the lattice parameters 

increase as the concentrations of sodium and potassium increase because the atomic radius of 

sodium and potassium is larger than that of nickel (Ni) atoms. Conversely, the lattice 

parameter decreases as the lithium concentration increases. The addition of La ions results in 

an extreme increase of the lattice parameter. 

Convenient effective Hubbard U values are found to enhance the band gap according 

to DFT+U calculations. However, the band gap values of the calculated band structures agree 

well with the experimental values acquired for this work. 

In addition, we computed the density of total and partial states of undoped, alkali-

doped, and La-alkali co-doped NiO structures. 

The optical properties allowed us to determine the dielectric constant, the refractive 

index, the reflectivity, the absorption coefficient, and the energy loss function of of undoped, 

alkali-doped, and La-alkali co-doped NiO structures. Our findings are in excellent agreement 

with other theoretical and experimental works that are available in the literature. The three 

main peaks that make up the imaginary part have slightly different intensities due to impurity 

doping. It is discovered that the static refractive index changes as alkali doping rises. 

The strong absorption region gradually becomes more elongated as the concentration 

of alkali doping increases. The absorption threshold of Ni1-xAxO and Ni1-2xAxLaxO (A=Li, Na 

and K) follows in the near-ultraviolet. The electronic and optical properties show that Ni1-

xAxO (A=Li, Na, K) is a good candidate for optoelectronic applications. 

We have determined the Debye temperature for Ni1-xAxO and Ni1-2xAxLaxO (A=Li, Na 

and K), as well as the constants and elastic modules (C11, C12, C44, B, G, E, and υ), as well 

as the longitudinal and transversal velocities (Vl, VS). The obtained results are predictable 

given the lack of theoretical and experimental data pertaining to these properties in the 

literature. The obtained numerical results regarding the structural, electrical, optical, and 

elastic properties of Ni1-xAxO and Ni1-2xAxLaxO (A=Li, Na and K), are under no pressure. 

In conclusion, it is noteworthy that the current study yields two significant outcomes. 
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Experimentally, the transparency and band gap energy of alkali doped NiO thin films 

were found to be influenced by alkali content in the visible region, indicating that the doping 

process with alkali makes these films suitable for use in opto-electronic devices, wherein 

alkali doped NiO thin films are transparent to visible light and have the ability to absorb the 

ultra violet wave range in the spectrum. The resistivity of alkali doped NiO thin films can be 

reduced by alkali content, but increasing the alkali content in NiO thin films decreases the 

transparency. We found that the addition of small amounts of La to the same concentration of 

alkali doping decreases effectively the resistivity of NiO thin films without reducing their 

transparency, so the result would be a p-type thin film with a high transparency and very low 

resistivity. 

From a theoretical perspective, incorporating DFT+U correction into standard DFT 

shows that the band gap energy and its associated electronic and optical properties are greatly 

enhanced by convenient effective Hubbard U values. On the other hand, NiO thin film 

properties are significantly impacted by alkali-doping and alkali-La co-doping which allows 

us to thinking about widening the range of their potential applications especially for 

thermoelectric applications. So, the issue is still left open. 
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Abstract 

In the present work, pure and alkali doped NiO (Ni1-xAxO) and La-alkali co-doped (Ni1-

2yAyLayO) NiO thin films where (A=Li, Na and K) and (x=0.03, 0.06, 0.09, 0.125 and 0.25) 

and (y=0.03, 0.06) were synthesized by sol-gel spin coating method and deposited on glass 

substrates. XRD analysis showed that the prepared films belongs to a cubic structure with 

(100) plane wave as preferential growth orientation for pure and K doped NiO for small K 

contents and the (200) for higher K contents along with Li, Na, and La-alkali co-doped NiO 

thin films. The grain size decreased with the increase of the concentration of doping elements 

in the NiO lattice.  Optical properties of the prepared films were investigated. As x increased 

the transparency of the prepared films decreased. Also the optical study revealed that the 

optical band gap tends to decrease with alkali doping and achieves minimal values with Na 

doping. The Urbach energy increases systematically with the decrease of the optical band gap. 

The resistivity measurements showed that the alkali doping and La-alkali co-doping led to a 

significant decrease in the resistivity values. Structural, electronic, optical and elastic 

properties of pure and alkali doped NiO (Ni1-xAxO) and La-alkali co-doped (Ni1-2yAyLayO) 

NiO thin films where (A=Li, Na and K) and (x=0.03, 0.06, 0.125 and 0.25) and (y=0.03, 0.06) 

were performed using the first principle method based on density functional theory. The 

optimization of the geometry of the studied samples revealed that lattice parameter is affected 

with alkali doping and La-alkali co-doping. The band structure and density of states 

calculations showed that doped and co-doped samples exhibited an indirect band gaps. The 

optical parameters: ε1(ω), ε2(ω), n(ω), k(ω),α(ω), R(ω) , L(ω) and elastic constants: 

(𝐶𝑖𝑗 , 𝐵, 𝐺, 𝐸, 𝜈 𝑎𝑛𝑑 
𝐵
𝐺⁄ ), the longitudinal and shear wave velocities (𝑉𝑙 , 𝑉𝑠 ), and Debye 

temperature 𝜃𝐷  were father investigated. 

Both experimental and theoretical results obtained in this work are in good agreement. 

Key words: Alkali doped NiO, Spin coating, DFT, electrical properties, Gap energy, Elastic 

properties. 

 

 

 

 

 



 

 

 ملخص

 و ثنائية التطعيمO) xAx-1(Niالتطعيم قمنا في هذا العمل بتحضير الشرائح الرقيقة لأكسيد النيكل أحادية

O)yLayA2y-1(Ni  و المطعمة بالذرات القلوية(A=Li, Na and K)  مضافا إليها ذرة اللانتانيوم في التطعيم الثنائي مع

باستخدام طريقة  and (y=0.03, 0.06) (x=0.03, 0.06, 0.09, 0.125 and 0.25)قيم مختلفة للتراكيز هي كالاتي: 

هر تحليل الأشعة السينية أن جميع العينات المحضرة هلام و المرسبة على شرائح من الزجاج. أظ-الطلاء بالتدوير محلول

ذات تبلور متعدد و بنية مكعبة و أن شرائح أكسيد النيكل النقي بالإضافة إلى شرائح أكسيد النيكل المطعمة بتراكيز منخفضة 

صوديوم و البوتاسيوم ( بينما بقية الشرائح المطعم بالليثيوم و ال111من البوتاسيوم لها توجه مفضل نحو المستوى البلوري )

(. كما أوضحت الدراسة البنيوية أن 200بتراكيز عالية و ثانئية التطعيم تمتلك جميعا توجه مفضل نحو المستوى البلوري )

حجم الحبيبات يتناقص بزيادة تركيزالشوائب. كما بينت دراسة الخصائص البصرية للشرائح المحضرة أن زيادة تركيز 

في الشفافية. تتناقص قيم طاقة العصابة الممنوعة بزيادة تركيز التطعيم. تزداد قيم طاقة ايرباخ التطعيم تؤدي الى تناقص 

تلقائيا بتناقص قيم طاقة العصابة الممنوعة. أظهرت قياسات المقاومية الكهربائية أن التطعيم الأحادي بالذرات القلوية يؤدي 

كما أن اظافة ذرات اللانثانيوم الى أكسيد النيكل المطعم بالذرات الى تناقص في قيم المقاومية الكهربائية بشكل ملحوظ. 

القلوية بنسب متساوية و قليلة يؤدي الى انخفاض كبير في قيم المقاومية مع الاحتفاظ بناقلية مرتفعة نسبيا. قمنا أيضا بدراسة 

من أجل  yLayA2y-1(Ni(Oو  Ni)OxAx-1(نظرية للخصائص البنيوية و الالكترونية و الضوئية و المرونية للمركبات 

x=0.03, 0.06, 0.09, 0.125 and 0.25) and (y=0.03, 0.06) حيث(A=Li, Na and K)  باستخدام طريقة

كشف تحسين هندسة العينات المدروسة أن ثابت الشبكة يتأثر  DFT.المبادئ الأولية المعتمدة على نظرية دالية الكثافة 

أن العينات المدروسة    (DOS and PDOS)لحالات الالكترونية الكلية و الجزئية بالتطعيم كما أظهرت دراسة كثافة ا

تمتلك نطاق ممنوع غير مباشر. كما تم حساب الخصائص الضوئية 

ε1(ω), ε2(ω), n(ω), k(ω), α(ω),R(ω) , L(ω)  و الثوابت المرونية(𝐶𝑖𝑗 , 𝐵, 𝐺, 𝐸, 𝜈 𝑎𝑛𝑑 
𝐵
𝐺⁄ و  ,(

𝑉𝑙سرعات الموجية الطولية و العرضية , 𝑉𝑠 و درجة الحرارة ديباي𝜃𝐷. 

النتائج التجريبية المتحصل عليها من خلال تحليل العينات المعدة مخبريا على توافق تام مع النتائج المتحصل عليها من 

 خلال الدراسة النظرية.

لخصائص الكهربائية, الكلمات المفتاحية: أكسيد النيكل المطعم بالذرات القلوية, الطلاء بالتدوير, نظرية دالية الكثافة, ا

 العصابة الطاقية, الخصائص المرونية. 

 

 

 

 

 

 


