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o Prelude 

In recent years, semiconductor metal oxide materials such as SnO2, TiO2, ZnO, and NiO 

have received greater attention and have been extensively studied, sparking considerable interest 

in both academic and industrial spheres. At the nanoscale dimension, these materials exhibit 

attractive physical qualities and benefits, such as stability, non-toxicity, cheap cost, etc., where 

their properties differ significantly from those at similar micro and macro dimensions. Metal 

oxides are desirable possibilities, particularly in photovoltaics and optoelectronics, as well as for 

many technological domains (Moseley, 2017; Lany, 2015; Dey, 2018). 

Transparent conducting oxides have undergone a notable scientific resurgence in recent 

times, as the synthesis and investigation of entities known as "nanoparticles" have extended to 

become a crucial multidisciplinary field of study globally (Chtouki et al., 2017a). As the particle 

size becomes smaller, the ratio of surface atoms to internal atoms increases, making such 

particles important in the performance of new functional materials (Abd-Lefdil et al., 2014). 

Significant nanoparticle characteristics, including chemical, electrical, mechanical, and optical 

characteristics, clearly set them apart from the comparable "bulk" material. One of these qualities 

is the nonlinear optical (NLO) response of nanoparticles, which is markedly improved in 

comparison to the corresponding "bulk" materials because of their atomic-scale structures, as 

well as their interface and surface structures (Chtouki et al., 2017a; Abd-Lefdil et al., 2014). 

Materials with high third-order optical nonlinearity and quick reaction times are crucial for 

future optical devices (Abd-Lefdil et al., 2014). Since these NLO materials have such high 

nonlinear optical responses, they are considered good candidates for use in fiber optic 

communication systems such as all-optical switching, routing units, digital signal recovery, and 

optical storage media. Consequently, extensive research has been conducted in recent years to 

delve into the nonlinear optics of nanoparticles (Darabi et al., 2014). 

Metal oxide thin films are well-known materials for electrical and optoelectronic 

applications due to their compatibility with large-area synthesis and low cost. Numerous studies 

have been undertaken to comprehensively characterize the preparation methods and properties of 

thin films incorporating transition metal oxides. Among the transition metal oxides, nickel oxide 

(NiO) is a widely used oxide material that has attracted widespread attention due to its excellent 

chemical stability and optical, electrical, and magnetic properties. NiO crystallizes in NaCl cubic 

structure and is a p-type semiconducting material with a band gap energy of 3.6 to 4 eV at 

ambient temperature (Taşköprü et al., 2016) . Nickel oxide (NiO) thin films have enormous 
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potential in a variety of applications, including electrochromic devices (Avendaño et al., 2006; 

Granqvist, 2008) , gas sensors (Taşköprü et al., 2016), lithium batteries (Taşköprü et al., 2016; 

Yin and Park, 2014), and supercapacitors (Taşköprü et al., 2016; Al-bahrani et al., 2015). Nickel 

oxide thin films have demonstrated their potential uses in photodetectors, displays, and 

photovoltaic solar cells (Manjunatha et al., 2015; Park et al., 2005). Several deposition methods 

are used to deposit nickel oxide, and each one offers advantages of certain qualities that are ideal 

for particular purposes. A few popular fabrication methods for depositing NiO include chemical 

bath deposition, chemical vapor deposition, spray pyrolysis, and thermal evaporation 

(Manjunatha et al., 2015; Park et al., 2005).   

o Bibliographic study 

Numerous researchers are striving to explore NLO materials in various disciplines of 

optoelectronics because they have applications in a wide range of science and technology. The 

substantial rise in publications over the years, nearing almost 570 papers in 2021, underscores 

the significant endeavors in the nonlinear optics domain. Figure 1 displays a bar graph that 

depicts the number of publications during the previous five years.  

 

Figure 1 Number of publications in the field of nonlinear optics in recent years (Bano et al., 

2021).  

Nanometal oxides have gained significant attention from researchers owing to their 

diverse applications. The nanoparticles have been broadly examined, looking at their outstanding 

chemical stability and considerable optoelectrical properties among the different nano metal 
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oxides, nickel oxide (NiO). As a result, many scientists working in the physics field are 

interested in knowing more about the chemical, morphological, linear, and optical characteristics 

of doped and undoped NiO thin films produced using various techniques. Numerous reviews and 

studies have been achieved in the past few years, including studies about the nonlinear theory 

and materials properties. 

There is no question that the methods used to prepare NiO materials play a crucial role in 

their shaping, architecture, and morphology, which in turn leads to optoelectronic performances 

and nonlinear response. Melo Jr et al. (de Melo et al., 2009) reported that thermal evaporation of 

nickel chips deposits NiO films of different thicknesses on glass substrates. These films exhibit 

significant nonlinear refraction of 10
−12

 cm
2
/W with a negligibly nonlinear absorption when 

exposed to an 800 nm laser pulse. Furthermore, by altering the annealing temperature, NiO 

micro rods with variable aspect ratios were created using a chemical method. When illuminated 

by a 532 nm, 5ns laser pulse, effective two-photon absorption coefficients are estimated in the 

order of 10
-11

 m/W (Karthikeyan et al., 2016). Additionally, Chtouki et al. have compared the 

nonlinear optical properties of thin NiO films made by spin-coating and spray pyrolysis (Chtouki 

et al., 2017b).   

It is widely recognized that doping provides an adequate approach to controlling the 

optical and electrical characteristics of the transition metal oxides. In this regard, the introduction 

of dopants into NiO has recently gained prominence as a strong candidate for applications 

related to nonlinearity, primarily due to its ability to reduce the band gap compared to the 

undoped form. Shkir et al. examined the reliance of the nonlinear optical responses of Cr-doped 

NiO films on dopant concentration levels (1, 3, 5, and 7 wt%) (Shkir et al., 2018). Meanwhile, 

Cu (1, 5, 10 and 15 wt%) doped NiO films are effectively produced utilizing the spin coating 

deposition approach, and it is also discovered that the NLO responses may be adjusted as needed 

under 632.8 nm CW laser irradiation (Ganesh et al., 2019). Additionally, the impacts of tin 

doping on the structural, linear, and nonlinear optical characteristics of the spin-coated NiO thin 

films were investigated (Yan et al., 2020) . Conversely, N has been injected into the NiO films 

using the typical sol-gel spin coating method. It is discovered that when doping rises (1, 5, 10 

and 15 wt%), the transparency and band gap of the NiO films decrease concurrently, which is 

consistent with the increased nonlinear refraction effect. In addition, the nonlinear absorption 

effect is less significant at higher levels of doping (Ganesh et al., 2018) . 
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M. Shkir et al.(Shkir et al., 2020) Through a straightforward spin-coating process, 

nanostructured NiO thin films were produced with different Fe concentrations ( 0, 1, 2.5, and 5 

wt%), which are then investigated for potential nonlinear optoelectronic applications. According 

to the optical analysis, the films that have been grown have a high degree of transparency—

roughly 70–85%. The assessment of several optical characteristics was performed, and a direct 

energy gap was discovered in the range of 3.60 to 3.64 eV for 0, 1, 2.5, and 5 wt% Fe:NiO films, 

respectively.  The nonlinear properties were examined, and it was discovered that the values of  

χ
1
, χ

3
, and n2 had increased from 0.16 to 0.54, 1.3 × 10

–13
 to 1.2× 10

–11
 esu and 2.6×10

–12
 to 

1.7×10
–10

 esu, respectively. The improved linear and nonlinear properties brought on by the Fe-

doping concentration increase the usefulness of the produced films in the optoelectronics field. 

V. Ganesh et al. discussed the impact of Cu-doped NiO thin films prepared using the spin 

coating method on their nonlinear optical properties (Ganesh et al., 2019). The researchers 

concluded that  Cu is powerful in changing the NLO characteristics of NiO thin film. It 

optimized the nonlinear refraction phase from positive to negative, which is consistent with the 

Z-scan data. Based on Z-scan analyses, many nonlinear constants were determined. The 

observed values for 𝜒1
, 𝜒3

, and 𝑛2 ranged from 0.5 to 7.5, 8 × 10
-8

 to 0.5 × 10
-8

 esu, and 0.5× 10
-8

 

to 8.5 × 10
-8

 esu, respectively. 

The nonlinear optical characteristics of the Sn doped NiO thin films produced by spin-

coating were investigated by Chtouki et al. (Chtouki et al., 2017a). A peak THG signal value of 

3.13 × 10
− 21

 m
2
/V

2
 has been recorded by these researchers in the film doped with 1 at% Sn. The 

values of χ
3
 were evaluated, and found to vary between 2.25 × 10

− 21
 m

2
/V

2 
and 3.13 × 10

− 21
 

m
2
/V

2
 depending on the amount of doping. The nonlinear optical parameters were less than those 

that were shown in the works of  M. Shkir et al. (Shkir et al., 2020) and V. Ganesh et al. (Ganesh 

et al., 2019). 

Chtouki et al. (Chtouki et al., 2017b) performed a comparative investigation of NiO films 

prepared utilizing two different deposition processes. The researchers employed both spin 

coating and spray pyrolysis deposition methods to examine and compare the structural, 

morphological, linear, and nonlinear optical characteristics of NiO thin films. The solution for 

spray pyrolysis deposition consisted of a blend of 0.5 M and 0.75 M nickel chloride dissolved in 

30 ml of deionized water. The spraying process lasted for 3 minutes on a pre-heated glass 

substrate at 350 °C. The films exhibited a reduction in the band gap as the precursor 

concentration increased in both methods. Third harmonic generation analysis of the nonlinear 



  General Introduction

 

  
6 

optical properties indicated a slightly higher third-order nonlinear optical susceptibility for the 

sprayed film compared to the spin-coated film. Specifically, the spin coating method yielded a 

nonlinear optical susceptibility (χ
3
) of 1.49 × 10⁻²¹ m²/V², while the spray pyrolysis technique 

resulted in 1.94 × 10⁻²¹ m²/V². 

In a different work, to evaluate the nonlinear optical properties of thin films prepared 

using the spin coating technique, Ganesh et al. conducted experiments that yielded graphs 

showing changes in χ
1
, χ

3
, and n2 for NiO thin films doped with nitrogen (N) with different 

concentrations: 1%, 5%, 10%, and 15% (Ganesh et al., 2018), the Z-scan investigations 

demonstrate that the theoretically estimated values for the nonlinear refractive index and 

absorption index perfectly matched the outcomes of the experiments. This investigation also 

shows that all parameters act consistently. Additionally, the sensitivity levels rise when N doping 

concentrations rise. The ranges of the observed χ
1
, χ

3
, and n2 values were 0.49-3.9 esu, 0.5×10

-10
-

3.46×10
-9

 esu, and 0.46×10
-9

-1.21×10
-8

 esu, respectively. 

In a paper written by V. Usha et al. (Usha et al., 2018), NiO nanoparticles were produced 

using the simple and inexpensive sol-gel process. They studied the linear and nonlinear optical 

characteristics. The XRD results showed that NiO is nanocrystalline and free of any secondary 

phases, with a predicted crystallite size of 25 nm. The Wemple-DiDomenico technique was used 

to compute the static refractive index and high-frequency lattice dielectric constants. 

Additionally, the calculation of linear and nonlinear optical susceptibilities yielded a maximum 

value of 2.2×10
-12

 esu for the nonlinear optical susceptibility χ
3
. 

Ganesh et al.'s (Ganesh et al., 2022)  research centered on determining how Gd (1, 3, and 

5%) doping affected the structural, morphological, optical, and electrical characteristics of NiO 

thin films produced on glass substrate by spray pyrolysis. According to an X-ray diffraction 

analysis, the Gd:NiO (0-5%) films that were deposited had a cubic structure with a preferred 

orientation growth along the (111) direction. The prepared films show a decrease in optical band 

gap energy values which clearly suggest that with increases of Gd content and an average 

transparency of 70%. The refractive indices in these films range between 1.5 and 2.6. Moreover, 

Gd-doped NiO films exhibit significantly heightened values of linear and nonlinear optical 

parameters, including χ
1
, χ

3
, and n2, which were measured at 0.98 esu, 3.31 × 10⁻10

 esu, and 2.92 

× 10⁻⁹ esu, respectively. According to the current research, NiO films' linear and non-linear 

optical characteristics are significantly influenced by the amount of Gd doping, which makes 

them beneficial for various of optoelectronic device applications. 
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Shkir et al. (Shkir et al., 2018) produced thin films of NiO with varied concentrations (1, 

3, 5, and 7 wt%) of Cr doping at ambient temperature and then annealed at 450 °C in an oxygen 

atmosphere for 2 hours using a low-cost spin-coating process. An X-ray diffraction investigation 

indicates that all the produced films are polycrystalline with a cubic phase. For all the films, the 

direct optical energy gap was measured and found to be between 3.85 and 3.78 eV. The high 

optical conductivity value demonstrates that the films have a high light responsiveness. The 

values of n2 and χ3 are determined to be in the ranges of 1.81 × 10
−7

 to 1.09 × 10
−10

 and 3.3 × 

10
−8

 to 3.5 × 10−
12

 esu, respectively. 

Yasemin Pepe and colleagues improved the optical nonlinearity of nickel oxide by 

creating nanoparticles of Cr/Sb-doped NiO using the hydrothermal process. The spin-coating 

process was used at 400 ° C to produce the membranes on a glass substrate. According to XRD 

patterns, nanoparticle crystal diameters ranged from 10.3 nm to 17.3 nm. The band gap energy 

values ranged from 3 eV to 1.42 eV and decreased as the doping concentrations increased. 

Doped nanocomposite films have greater transmittances than pure films. Nanocomposite films 

were found to have a nonlinear absorption coefficient of 1.84 × 10
−4

 cm/W, which rose to 7.45 

10
-4

 cm/W with Cr doping and 4.18 × 10
−4

 cm/W with Sb doping (Pepe et al., 2021).  

NiO nanoparticles have unveiled new avenues in nonlinear optical research owing to the 

amalgamation of various intriguing properties. However, their contributions to applications are 

relatively constrained, therefore, warrant further exploration. 

o Objectives of the thesis 

Extensive research has been conducted on the development of the n-type semiconductor, 

which finds use in several fields (Chtouki et al., 2017b). Conversely, p-type semiconductor-

related studies are not as widespread. However, their technical applications have garnered 

significant interest. Among them is nickel oxide, which has a broad band gap averaged in  3.6 eV 

and 4 eV. It is one of the most studied p-type transition metal oxides because of its low cost, 

nontoxicity, and good optical transparency (Chtouki et al., 2017b). Generally, the nature of the 

precursors, elaboration techniques, and doping concentration affect these values (Alshahrie et al., 

2016) . The poor p-type conductivity of NiO is one of its drawbacks, which can be considerably 

enhanced by selecting the right dopant (Krunks et al., 2014). 

P-type semiconductors are currently in great demand for optoelectronics devices to 

compete with n-type materials. They are used in many other applications (Zawadzka et al., 
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2019). Because of this, choosing a simple method to create a p-type NiO semiconductor is 

essential. The spray pyrolysis method is a highly preferred for NiO thin film preparation due to 

its efficiency in high-quality multi-layer thin film formation (Şimşek et al., 2021). In this study, 

we will present the morphological, structural, linear, and nonlinear optical characteristics of 

undoped and doped NiO thin films prepared by the spray pyrolysis method using the SEM, 

XRD, UV-Vis, and EDX (Chtouki et al., 2021). 

Given these important properties of NiO, it seems reasonable and necessary to improve 

its properties by adding a metal dopant that is appropriate and capable of producing extremely 

high conducting charges. Similar to the previous years, several researchers have attempted to use 

various dopants to enhance several important NiO features. In consideration of this, the current 

study involves the fabrication of NiO thin films with varying concentrations of metal dopants 

utilizing spray pyrolysis technology. These films undergo structural analysis and are 

comprehensively studied for their linear and nonlinear (NLO) properties. In recent years, NiO 

films have been prepared through various procedures to investigate diverse physical properties. 

However, a significant gap exists in the literature regarding the nonlinear properties of NiO 

films. Therefore, emphasizing this aspect of the characteristics is intriguing. Understanding these 

nonlinear properties is crucial for improving the design and application of these materials across 

a broad spectrum of uses, including nonlinear electronic devices, optical communication 

systems, and nonlinear optical sensors (Shkir et al., 2018) . 

o Organization of the thesis 

The thesis comprises four chapters, commencing with an introduction and concluding 

with suggestions for future research. 

The first chapter offers a succinct examination of nanomaterials and their classification, 

with particular emphasis on transparent conductive oxides (TCOs), including a detailed 

exploration of the fundamental attributes of nickel oxide (NiO). Additionally, diverse 

methodologies utilized in nanomaterial synthesis are delineated, with special attention given to 

the spray pyrolysis method. Lastly, we underscore the characterization techniques employed for 

thin films. 

The second chapter will provide an in-depth examination of nonlinear optical materials 

(NLO) and their categorization. Additionally, we will highlight the nonlinear optical phenomena 

and the corresponding processes. 
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The third and fourth chapters elaborate on the procedures involved in preparing and 

characterizing lithium (Li) and calcium (Ca) doped nickel oxide thin films, respectively. Data 

acquired from analytical methods such as XRD, EDX/SEM, and UV/VIS spectrophotometry are 

presented graphically and thoroughly examined. Finally, the thesis will conclude with a 

comprehensive summary and future directions. 
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1.1 Introduction  

Materials science is an approach employed to explore, examine, and enhance both novel 

and known materials by integrating synthesis, characterization, and information processing to 

prepare, analyze, and interpret a wide array of materials. In this context, thin films have garnered 

increased focus over the last decade, emerging as a significant facet of materials science. 

Progress in this field necessitates a comprehensive comprehension of the fundamental properties 

of transparent conducting oxides (TCOs). Therefore, within this chapter, we provide a concise 

overview of nanomaterials and their categorization, notably transparent conductive oxides 

(TCOs), along with a specific discussion on the fundamental characteristics of nickel oxide 

(NiO). Furthermore, we outline various methods employed for the production of nanomaterials 

with a particular focus on the spray pyrolysis technique. Finally, we highlight the techniques 

used to characterize thin films (Li et al., 2019; Shimanovich, 2015). 

 Transparent conductive oxides (TCOs) 1.2 ‏

TCOs are significant materials primarily used for research in optoelectronics because 

they exhibit unique optical properties in the visible light field, such as transparency of more than 

85% and band gap exceeding 3 eV in addition to the electrical conductivity (A minimum carrier 

concentration of 10
20

 cm
-3

). These oxides often consist of oxygen plus one or two metallic 

elements, and their properties are highly influenced affected by the components utilized and the 

deposition technique (Bouaichi, 2019; Rahal, 2017). 

In 1907, Baedeker discovered TCO, which was a thin film of cadmium oxide (CdO). 

TCO’s experienced little practical growth in the first 50 years after the discovery of CdO until 

the chemical deposition technique (pyrolysis) was invented in the 1940s. The breakthrough in 

the field of TCOs and associated applications came in the 1960s with the development of many 

compounds that can be classified as TCO materials, such as: NiO, ZnO, In2O3, SnO2. Tin-doped 

indium oxide (ITO) has long been the most popular material for a range of applications. The lack 

of indium and its high cost prompted researchers to search for a material that might be an 

alternative to it. Doped and undoped nickel oxide (NiO) has emerged as a preferable contender 

due to its good crystal structure, excellent transparency, and good electrical conductivity in the 

visible area, in addition to being plentiful and inexpensive (Wang et al., 2015; Bouaichi, 2019).  
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 Types of TCOs 

All TCOs may be divided into two types, the n-type and p-type categories based on the 

predominant charge carriers. Applying doping can increase the concentration and mobility of 

free carriers, resulting in a remarkable enhancement in the material's electrical conductivity. The 

addition of an element should be taken into account when selecting a p or n-type doped 

semiconductor. Semiconductors are doped with donors (n-type) and acceptors (p-type) to 

improve their electrical conductivity. In the most obvious cases, when an atom with a valence 

higher than +4 is added, it results in an n-type doped semiconductor and an atom with a valence 

lower than +4 yields a p-type doped semiconductor (Kawazoe et al., 2000; Mitridis, 2008; 

Banerjee et al., 2005).  

Doping occurs when a dopant atom is added and substitutes for one of the component 

atoms in the network of both (n- and p-type) metal oxide. When it comes to n-type doping, the 

added corn is associated with four links with adjacent atoms. As a result, the fifth electron of the 

added atom receives some thermal energy right away and frees up. On the contrary instance, 

where the valence of the dopant atom is +3, a hole is formed, which can become a free hole in 

the presence of thermal energy (Mitridis, 2008; Ghougali, 2019). 

The insertion of a doping atom into the material's structure causes the formation of new 

levels in the gap between the conduction and valence bands. The status of the energy levels in 

semiconductors is described by the band structure theory, which also provides some streamlined 

graphic designs (Mitridis ,2008; Ghougali, 2019) (Figure 1.1). 

 

Figure 1.1.  Diagram showing the energy band of semiconductors that are doped and pure (also 

known as extrinsic and intrinsic, respectively) (Mitridis,2008). 
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1.3 Nickel oxide (NiO) 

Due to the possibility of using them in modern technology, TCOs have recently drawn 

more interest. There have been several studies that detail the creation and characteristics of metal 

oxide films. Among the extremely few p-type the transition semiconducting oxides, we find 

nickel oxide (NiO) which is a promising choice in a variety of cutting-edge fields of study due to 

its unique physical and chemical properties (Taeño et al.,2021). 

Nickel (II) oxide is the chemical compound with the formula NiO. It is the principal 

oxide of nickel; it has a nickel content of 78.55% and an oxygen content of 21.40%, it has a 

molar mass of 74.69 g/mol (Ukoba et al., 2018). Like many other binary metal oxides, NiO is 

often non-stoichiometric, meaning that the Ni:O ratio deviates from 1:1. In nickel oxide, this 

non-stoichiometry is accompanied by a color change, with the stoichiometrically correct NiO 

being green and the non-stoichiometric NiO being black. NiO can either be a black or green 

crystalline powder. NiO has a density of 6.67 g/cm
3
 and a 1955 °C melting temperature. 

Furthermore, its refractive index is 2.18 and has a +660×10
–6

 cm
3
/mol magnetic sensitivity 

(Kunz, 1981). 

1.3.1 Crystallographic properties  

NiO displays a cubic structure of NaCl-type (rock salt) as seen in Figure 1.2. Where the 

centers of the faces and the cube's corners are occupied by nickel atoms, whereas the oxygen 

atoms are concentrated in the center and the middle of the sides of the cube in this crystal, 

following the structure (FCC). Also, NiO is included in the space group (Fm3m), with a lattice 

parameter of 4.177 Å. It should be mentioned that at ambient pressure and temperature, NiO is 

stable and takes a cubic structure. In addition to the cubic shape, a mild cubic-to-rhombohedral 

distortion may occur in this oxide (Lattice parameters a = b = 0.295 nm and c = 0.722 nm with 

space group R3m) (Taeño et al., 2021; Chen et al., 2017). Furthermore, the incorporation of 

doping may cause stress on the crystal lattice, which can be reduced by allowing the structure to 

relax. The amount and atomic size of the dopant play a significant role in determining the level 

of stress (Twagirayezu, 2017). 
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Figure 1.2. Crystal structure of NiO (Yin,2019). 

1.3.2 Electrical properties of NiO  

Nickel oxide (NiO) is an important wide band gap semiconductor material with a band 

gap width of approximately 3.6 to 4.0 eV Figure 1.3 (Venter and Botha, 2011). Nickel oxide is a 

semiconductor that is known for its versatility. The majority of transparent conductive oxides 

used today are n-type, they are used as electrodes and in optoelectronic applications. However, 

optical windows require p-type conducting films of which NiO is the most prominent. NiO is a 

(p-type) semiconductor that has a large bandgap as mentioned above.  

 

Figure 1.3.  Illustration of the NiO Band structure (Ghougali, 2019) 
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NiO has a cubic shape in its structural masses with a lattice parameter of (0.4177 nm) and 

is categorized as a Mott- Hubbard insulator with extremely weak conductivity on the order of 

(10
-11

 Ω
−1

 m
−1) at ambient temperature. However, because of the holes that Ni vacancies create in 

the lattice, the conductivity is dramatically improved when formed as thin films or nanoparticles. 

Some of NiO's electrical properties were included in Table 1.1 (Makhlouf, 2008). 

The electronic configuration of the nickel and oxygen atoms in nickel oxide is defined as 

follows: 

Ni: 1s
2
2s

2
2p

6
3s

2
3p

6
3d

8
4s

2
 

O: 1s
2
2s

2
2p

4
 

Yongyue Chen et al, investigated the electrical characteristics of NiO films deposited in 

pure surroundings depending on the growth temperature. They found that the resistivity grew 

from (20.96 to 44.75 Ω cm) as the temperature raised from room temperature to 300 °C, but the 

mobility decreased from (1.07 to 0.21 cm
2
 /Vs). When the temperature was changed from room 

temperature to 200 °C, the carrier concentration rises from (2.78×10
17

 to 9.36×10
17

 cm
3
), then 

falls to (6.6×10
17

 cm
3
) at 300 °C (Chen et al.,2015). 

The primary factor influencing the electrical characteristics of NiO films is the 

microstructure and composition, together with the deposition circumstances and environment. 

Since the NiO has an intriguing electrical structure, it has been the subject of intense research for 

many years (Zaouche, 2021). 

Table 1.1. Part of the electrical properties parameters of NiO (Chavillon,2011; Zhao et al.,2015). 

Properties Values 

Type of conductivity P-type 

Conductivity (Ω.cm)
-1

 ≤ 0.1 

band energy Eg (ev) 3.6 – 4 

charge carrier density (cm
-3

) 10
17

-10
18

 

Hall coefficient ( cm
3
/C ) 5-120 

Mobility (cm
2
/ V.s ) 0.1- 7.6 

Dielectric constant 10 
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1.3.3 Optical properties of NiO 

The fact that nickel oxide is characterized by outstanding endurance and electrochemical 

stability makes it one of the best low-cost polarizable materials with a transmittance of 40% to 

80% in the spectral range of 300 to 900 nm (Diha et al.,2018; Talebian and Kheiri,2014). The 

gap energy value for NiO has been calculated by many studies to be between 3.6 and 4 eV with a 

refractive index of 2.33 for 2 eV photon energy (Powell and Spicer, 1970). Understanding how 

NiO's optical properties, including transmittance, absorbance, bandgap, extinction coefficient, 

refractive index and the real and imaginary components of the dielectric constant, affect device 

attributes is crucial (Manjunatha and Paul, 2015). 

Many optical investigations, including photoemission spectroscopy, have been conducted 

to comprehend the electronic structure of NiO. One of the most often employed techniques for 

comprehending and advancing the band structure and energy band gap of crystal structure is 

ultraviolet-visible spectroscopy (Manjunatha and Paul, 2015). 

NiO's optical properties are influenced by preparation conditions, deposition techniques, 

and doping. G. Turgut et al. (Turgut et al.,2015) reported that the precursor concentration, 

solvent type, and annealing temperature all have an impact on the optical characteristics of NiO 

thin films produced using spin-coating for sol-gel. The obtained values of the optical parameters 

showed that examining the annealed films at 550 °C at a concentration of 0.1 M with methanol 

solvent gave better results. 

1.4 Thin films  

1.4.1 Definition 

The thin film of a material is usually an arrangement of the components of that material 

deposited on a substrate. This film is distinguished by its extremely tiny geometric dimensions, 

which ranging between a few nanometers and a micrometer (Beggas, 2018). Thin films are 

produced through several stages of growth summarized in nucleation, a process by which the 

interaction between species (atoms, ions, etc.) coming to the substrate where unstable clusters 

(nuclei) are formed on the surface of the substrate which are points for the assembly of other 

atoms. Following the nucleation, grain growth occurs, which is an expansion of growth starting 

at the nucleating point. These grains collide and combine to produce a bigger grain. This sort of 
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coalescence is caused by grain size expansion and is referred to as growth coalescence. 

Coalescence can also be triggered by nuclei movement. The formation of crystals is seen in 

Figure 1.4. Thin films acquire new properties as a result of the nucleation and growth processes 

(Chopra et al.,2004). These materials' physical and chemical properties are greatly influenced by 

a variety of deposition parameters, crystalline orientation, thickness, as well as deposition 

method (Beggas, 2018). 

 

Figure 1.4. Diagram showing the stages of crystal growth (Roffi, 2016) 

1.4.2 Thin film Deposition Method 

Thin films are in general developed to provide special properties, i.e. optical, electrical, 

mechanical, and chemical, that satisfy the conditions for specific applications. The desired 

properties are defined by the resulting film structure, which strongly depends on the selected 

deposition technique, substrate, and film material. In line with the wide range of applications of 

thin films, several deposition techniques have been improved/developed to optimize the film 

properties.  Broadly speaking, thin-film production can be realized based on two technological 

groups, namely physical and chemical deposition techniques. 

Optical device design often necessitates tight control over the shape and size of micro- 

and nanoscale NiO structures, which may be employed as building blocks in a variety of 

optoelectronic devices. To date, physical or chemical methods have been used to increase the 

performance of this metal oxide. Several compositional strategies have been used to deposit NiO 

thin films in recent years (Taeño et al.,2021). Among these, a range of physical techniques has 
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been reported including PVD, laser ablation (Piriyawong et al.,2012), pulsed-laser deposition 

(Vanalakar et al.,2015), and molecular beam epitaxy (Wang et al.,2016). Chemical approaches 

are classified as solution techniques or gas-phase precipitates, which include chemical vapor 

deposition (CVD) (Purica et al.,2002), spray pyrolysis (Martínez et al.,2019), electrodeposition, 

dip coating, chemical bath, Gel Sol (Geremew et al.,2022) …etc. Different thin film deposition 

techniques are displayed in Figure 1.5. 

  

Figure 1.5. Different thin film deposition methods. 

The thin film deposition technique utilized can have a substantial impact on the 

properties of the produced films. Overall, thin films are used to enhance the properties of bulk 

materials by depositing a layer with the desired chemical and physical characteristics to improve 

their functionality. Every deposition technique has advantages and disadvantages. Several 

criteria, including cost, quality, and growth rates, as well as desired film features like as 

crystallization, morphology and functional properties, will most likely be influenced by the 

technique used (Manzi, 2016). Spray pyrolysis is an easy, inexpensive, and integrated method to 

create films with large areas and excellent adhesion with tight growth (Martínez et al.,2019). 

 



Fundamentals of thin films deposition and analysis Chapter  1 
 

  
23 

1.4.3 Chemical Spray Pyrolysis Technique (SPT) 

Recent years have seen a significant increase in the application of the spray pyrolysis 

technique (SPT) for the production of various thin film types, particularly those made of the 

oxides and sulfides of numerous metals and semiconductors (Akl et al., 2018; Hassanien and 

Akl, 2018). The spray pyrolysis system is depicted in Figure 1.6. This system's features of easy 

equipment setup, high production and low cost made. It’s possible for it to be widely applied. 

Additionally, numerous preparation factors (for example, solution molarity, substrate 

temperature, flow rate...etc.) may be changed during the film production process (Hassanien and 

Akl, 2018; Akl, 2014). As a result of these and other advantages, the SPT process is regarded as 

a successful and appealing technology for producing NiO thin films and many other oxides 

(Hassanien and Akl, 2018). 

In this technique, small droplets of a precursor solution (it contains atoms of the desired 

compound) are sprayed onto a heated surface. The solvent evaporates and the remaining 

ingredients react to form the desired material as soon as they contact the hot surface. Spray 

pyrolysis of cadmium chloride and thiourea dissolved in water with the substrate at about 300°C 

is one example of how cadmium sulfide films can be created (Chamberlin and Skarman, 1966; 

Geremew, 2022).  

 

Figure 1.6. Diagram of the spray pyrolysis method (Waghmare et al., 2018). 
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1.4.4 Mechanism of the (SPT) process 

Several processes occur sequentially or concurrently during film production using spray 

pyrolysis. The quality of films can be raised by comprehending these procedures. The system's 

nozzle atomizes the precursor solution into tiny aerosols, which fall on heated substrates. 

Various phases in spray pyrolysis are summarized as follows (Perednis and Gauckler, 2005): 

 An aqueous precursor solution is first transformed by a spray nozzle into aerosols. 

 The second phase involves the evaporation of the solvent from the surface of the droplets. 

 As the droplets reach the substrate in this stage, the solvent vaporizes and precipitates 

develop. 

 Prior to the material to be deposited reaching the substrate, it undergoes a series of pyrolysis 

reactions; this is step 4. 

 in stage 5, when the deposit touches the substrate, thin films begin to form and develop. 

 Finally, the nuclei expand, resulting in the creation of a thin metal oxide film (Ukoba et al., 

2018). 

The kind of films formation process depends on several factors. The most important 

parameters to be controlled in all of these processes are the substrate temperature, droplet size, 

carrier gas flow rate, nozzle-to-substrate distance, and the solution content and concentration. 

Among these variables, the temperature of the substrate has been considered the most important 

factor in producing thin film from spray pyrolysis processing; this is because the droplets drying, 

decomposition, crystallization, and grain growth depend strongly on this parameter. The spray 

pyrolysis mechanisms are schematically depicted in Figure 1.7 as a function of droplet size and 

substrate temperature. At minimal temperature and significant droplet size, the solvent does not 

entirely evaporate and the liquid droplet collides with the substrate and evaporates, producing a 

dry precipitate this process is A. At low to medium temperatures and droplet size (big or 

medium), the solvent evaporates before the drop sticks to the substrate. Where a dry precipitate 

falls on the substrate leading to decomposition (process B). At intermediate to elevated 

temperatures and medium-sized to tiny droplet size, the solvent evaporates prior the drop 

approaches the surface. After that, the dry precipitate is evaporated, and the vapor spreads to the 

substrate where the CVD process will take place (process C). Finally, for the highest temperature 

and droplet size is tiny, Prior to the precursor material reaching the substrate it evaporates. As a 
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result, there is limited adhesion to the substrate (process D) (Mwakikunga, 2014; Falcony et al., 

2018)  

 

Figure 1.7.  Schematic diagram of spray pyrolysis droplet formation stages (Ukoba et al., 2018). 

1.4.5 Effect of deposition parameters on the properties of deposited films 

Numerous studies have been reported on the structural, optical, and electrical properties 

of NiO thin films produced via spray pyrolysis. It has been noted that changes in the substrate 

temperature, dopant, precursor concentrations, spray rate, and so on all impact the film's 

properties. 

1.4.5.1 Effect of Temperature 

The substrate temperature at the moment of deposition is a critical element in spray 

pyrolysis because it regulates the interaction between the evaporation rate of the solvent and the 

decomposition of the starting material (Marinov et al., 2018). Additionally, it is believed to be 

the primary factor that significantly influences the morphology of deposited films as well as their 

optical and electrical characteristics. The film morphology can shift from fractured to porous as 

the temperature rises. Deposition temperature was indicated as the most significant variable of 

spray pyrolysis in numerous research (Perednis and Gauckler, 2005; Zahedi et al., 2013). 

A study was performed on the deposition temperature concerning the properties of F-

doped In2O3 films and found that the deposition temperature was discovered to have a significant 

impact on the films' structure. As the film thickness rises, the degree of favored (4 0 0) 

orientation also rises (Perednis and Gauckler, 2005). A. Bedia et al. (Bedia et al., 2015) studied 

the optical and structural properties of ZnO thin films produced on glass substrates at various 
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temperatures for use with solar cells were investigated. The proportion of PL emission intensity 

in UV and visible is at its highest at 550°C, indicating fewer flaws are produced, and film quality 

improves with rising temperature. 

1.4.5.2 Effect of Precursor Solution 

Precursor solution is critical in the creation of thin films of different chemicals. The 

precursor solution's physicochemical composition is impacted by the solvent and additives. 

Aqueous solutions are frequently utilized because they are simple to handle, low cost, safe, and 

availability of a variety of metal salts that are water-soluble. To have excellent process yield, the 

solute is required to be of high solubility. As a result, by varying the content of the precursor 

solution, the properties of the prepared film may be adjusted (Perednis and Gauckler, 2005). 

Cattin et al. performed research where four distinct precursors for NiO films were used  

(Cattin et al., 2008). A modified SPT was used to deposit the precursors. This study involved 

changing the precursor concentrations between (0.2 M and 0.3 M) while the substrate 

temperature was 350 °C. The precursors have been nickel nitrate hexahydrate [Ni(NO3)2·6H2O], 

[NiCl2·6H2O], [NiSO4·4H2O], and nickel hydroxide hexahydrate [Ni(OH)2·6H2O]. The films 

were annealed thereafter at 425 °C. All of the precursors demonstrated p-type conductivity. The 

annealing procedure affected the conductivity and transmittance of NiO films. The cubic phase 

of pure NiO films was obtained using nickel nitrate and nickel chloride as precursors, whereas 

NiSO4 and Ni(OH)2 precursors did not support the development of pure NiO films but may be 

helpful in solar cells and electrical devices as native electrodes (Ukoba et al., 2018). 

1.5 Films Characterization 

Structure, morphological, optical, and electrical characteristics are frequently used to 

describe thin films. This section highlights the techniques used for the study and the 

characterization of thin films and also focuses on the procedures utilized to evaluate material 

properties.  

A complete characterization of thin films requires knowledge of their thickness, 

composition, stress state, morphology, adhesion, and degree of crystallinity, as well as whatever 

physical properties are germane to their operation (i.e., optical, electrical, magnetic, and 

mechanical). There are several available texts devoted to thin film characterization. 
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1.5.1 Structural properties 

1.5.1.1 X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a potent method for identifying crystalline phases in 

materials and evaluating their structural characteristics, such as grain size, orientation, 

crystallization, strain state, and defect structure. The technique is also utilized to determine the 

thickness of films and multi-layers, as well as the atomic configurations in amorphous materials 

(polymers included) (Chang, 2001). 

The XRD mechanism occurs when monochromatic X-rays strike a crystal sample, 

leading to diffraction due to interference between the X-rays and interactions with the crystal's 

planes. However, diffraction is only observed when Bragg's law is satisfied, as indicated by the 

equation. 

                                                                                                                       (1-1) 

Where λ is the X-ray wavelength, n is an integer, d is the crystal's interplanar distance, 

hkl is the Miller indices, and θ the Bragg angle. Bragg diffraction is illustrated in Figure 1.8 

(Intilla, 2016; Lalonde et al., 2010). 

This technique involves directing an X-ray beam towards the sample to be examined and 

measuring the intensity of the refracted beam. The source of X-rays and detector rotate on a 

circle in opposition to one another, scanning the various angles of incident (θ) and dispersion 

(2θ) determined in relation to the film surface (Leber, 2018), where the nature of the crystalline 

structure of the films can be known by looking at the presence of diffraction peaks, their shape 

and intensity. Peak detection offers information on the crystal's interplanar spacing according to 

Bragg's law. Using diffraction patterns, the phase and crystalline structure of the films are 

determined based on comparison with the database file ICDD (International Center for 

Diffraction Data) (Roffi, 2016; Waseda et al., 2011). 

The structural measurements of the deposited films in this study were performed using a 

diffractometer (Philips X’pert pro-2-X) Figure 1.8b, using Cu − Kα radiation with  λ = 0.15406 

nm. This system runs at 30 mA current and 30 kV voltage. Each sample's statement was 

determined according to the 2θ scan (2θ =20- 80
◦
). 
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(a) (b) 

  

Figure 1.8. (a) Bragg diffraction (b) X-ray diffractometer (Philips X'Pert Pro) ( Intilla, 2016; Mo et 

al., 2014). 

1.5.1.2 Structural information using X-ray diffraction analysis 

The X-ray diffraction pattern provides a range of information about the properties of the 

material studied, some of which will be discussed in the section below. 

 Lattice parameters 

A three-dimensional space lattice is used to create the crystal's mathematical description. 

The smallest volume within a lattice is referred to by the unit cell defined by the fundamental 

vectors (a, b, and c). The lattice atoms are depicted as dots associated with lattice planes defined 

by Miller indices (h k l )  (Intilla, 2016; Dove, 2003). 

The values of the lattice parameters for various crystal structures can be computed by the 

equations listed in the table 1.2 using the interplanetary distance (d) and the (hkl) parameters. 

Table 1.2. Equations that link the lattice parameters, the planes (hkl) and ( dhkl ) for crystal systems 

(cubic, tetragonal and hexagonal) (Dove, 2003). 
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 crystallite size 

X-ray diffraction spectra are also utilized to estimate crystallite size (D), which may be 

computed from the full width at half maximum (FWHM), using the Scherrer equation 

(Hamrouni et al., 2014): 

  
    

    ( )
                                                           (1-2) 

Where: 

D = crystallite size 

λ = X-ray wavelength 

β = the width at half intensity in radian (Figure 1.9) 

θ = diffraction angle. 

 

Figure 1.9.  A graphic showing extraction of FWHM from the diffraction peak (Epp, 2016). 

 structural defects 

It is very unlikely that crystals will not have defects because they are created during the 

crystal development and growth phases. Structural defects are described as deviation and 

irregularity in the periodic arrangement of atoms in a crystal lattice. Moreover, there are several 

factors during the manufacturing process that can enhance defect density including doping 

content, thermal annealing, etc. (Dolabella et al., 2014). Structural defects like dislocation 

density and micro strain may be examined using the XRD technique. Before a material is used in 

technology, it is essential to understand these parameters. The dislocation density (δ) and the 
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lattice micro strain (ε) of the deposited films can be determined by the following relationships 

(Beggas, 2018): 

  
     

 
                                                              (1-3) 

  
 

  
                                                                   (1-4) 

 Texture Coefficient 

The texture coefficient TC (hkl) allows an evaluation of the preferred orientation of the thin 

films, whose difference from unity indicates the preferred growth of a given plane. The texture 

coefficient may be used to determine the degrees of the various crystal planes' preferred 

orientation based on Harris's study according to the folowing relation  (Kumar et al., 2015; Babu 

et al., 2019): 
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                                             (1-5) 

Where: 

I(hkl) : The measured intensity of a plane (hkl). 

I0(hkl) :The standard density extracted from the database ICDD for the plane (hkl). 

n : The number of diffraction peaks. 

 

1.5.2 Electrical properties 

1.5.2.1 Four-Point Probe Technique 

In materials science, a four-point probe characterization is a typical approach for 

evaluating the electrical characteristics of thin films and solids (Li et al., 2012). Because four 

locations on the sample surface were contacted, the device is known as a "four-point probe". 

These four-point probes are lined up in a straight line, with the spacing between them adjusted so 

that each probe has the same distance (Waremra and Betaubun, 2018) (see Figure 1.10)). 

The four-point probe's fundamental mode of operation is depicted in Figure 1.10. Through the 

external probes, a constant current is sent along the sample. When current (I) runs through a 

sample with resistance, a voltage drop (V) will occur. Two inside probes are used to measure the 

voltage variation (Li et al., 2012). This method of determining electrical resistivity by surface 
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contact is frequently utilized (Panta and Subedi, 2012). The sheet resistivity may be calculated 

using the following relationship (Intilla, 2016): 

  
  

  ( ) 
                                                                      (1-6) 

 

Where: 
 

  ( )
        

 

Figure 1.10 . Diagram of a four-point probe (Ghougali, 2019). 

By modifying the preceding equation for thin films, the formula below can be used to 

determine the film's resistivity (ρ) when its length is substantially greater than its thickness (d) 

(Panta and Subedi, 2012). 
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                                               (1-7) 

 

Where I is the electric current in (mA), V is the voltage and d is the film thickness. The 

films' electrical conductivity may be determined by the relation as follows (Panta and Subedi, 

2012): 

  
 

 
                                                                      (1- 8) 

1.5.2.2 Hall Effect 

To comprehend semiconductor electrical characteristics that depend on the 

characterization of semiconducting materials' transport using a combination of resistivity and 

Hall effect studies (Orton and Powell, 1980). The use of a magnetic field perpendicular to the 
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direction of current flow through a conductor or semiconductor creates a transverse voltage 

known as the Hall voltage, and the phenomenon is known as the Hall effect (see Figure 1.11). 

This approach is based on "Lorentz Force", a physics concept defined as the force applied to a 

point charge as a result of an electromagnetic field. In fact, a number of material parameters may 

be determined using a Hall effect measuring device, but the Hall voltage is the most important 

one. In addition to other measurements like carrier concentration, carrier mobility, conduction 

type (n/p) and Hall coefficient (RH) (Remadevi et al., 2018; Intilla, 2016). 

 

Figure 1.11. Diagrammatic arrangement for measuring the Hall effect (Nair et al., 2012). 

The electrons are directed toward the specimen's edge according to the Lorentz force due 

to the application of magnetic field B in a manner that is perpendicular to the current's flow, 

which causes a voltage drop. This voltage drop is referred to as a "Hall voltage (VH)", and is 

affected by the magnetic field B, sample thickness d and the current I. The relationship can be 

described as follows (Intilla, 2016; Nair et al., 2012): 

   
 

  

 

 
    

 

 
                                                    (1 - 9) 

Where: RH = 1/nq (Hall coefficient). 

q is the charge and n is the carrier concentration. 

Once the Hall potential VH has been determined, the carrier concentration can also be 

estimated by (Nair et al., 2012): 

  
 

   
                                                              (1-10) 
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The mobility (µ) is a gauge of how quickly a carrier in a medium and is determined by 

(Intilla, 2016): 

  
  

 
                                                              (1- 11) 

Where ρ is the resistivity. 

1.5.3 Optical Properties 

1.5.3.1 UV-visible spectroscopy 

Optical properties provide in-depth knowledge about the nature of materials in 

anticipation of their use in many modern applications, so it has become necessary to study and 

analyze these properties. In order to investigate the material's optical properties such as the 

absorbance, transmittance, energy gap, refractive index, etc. (Boukhari, 2022). UV-visible 

spectrophotometry is a technique applied in optical characterization. Absorption of UV and 

visible light upon impact on a sample is the basis for UV/VIS spectroscopy and refers to the 

interaction between matter and electromagnetic radiation. (Leber, 2018). 

The interaction between ultraviolet and visible light with the sample's surface occurs 

where the photon energy induces the semiconductor electrons in the valence band to transition to 

the conduction band. An electron is excited when the frequency of the incoming radiation 

matches the energy differential between two states of an electronic system. The electronic 

structure of the studied molecule determines this energy (Picollo et al., 2018). Incident radiation 

photons with energies equal to or greater than the bandgap energy (hv ≥ Eg) are absorbed. The 

absorption is determined by the properties of the film, such as film thickness and impurities since 

there are numerous valence band electrons, and the conduction band contains many empty states 

into which these electrons can be excited. Incident radiation photons with energies less than the 

bandgap energy (hv < Eg) are unable to excite a valence band electron to the conduction band, 

and as consequence they are transmitted, this explains why some semiconductors are transparent 

in certain wavelength ranges. Thus, for pure (intrinsic) semiconductors. There is negligible 

absorption of photons with (hv < Eg), a photon will be absorbed only if there are available 

energy states in the forbidden band gap due to chemical impurities or physical defects, this 

process is called extrinsic transition (Beggas, 2018). 

UV-Vis spectroscopy offers much information on the characteristics of materials as they 

interact with incident radiation (electromagnetic). When an electromagnetic radiation is incident 
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on a material, there is some predictable absorption, determined by the properties of the material. 

There is a dependence of the ratio of transmitted to incident photon intensity that depends on the 

thickness of the material and photon wavelength. This dependence can be expressed by the 

Lambert-Beer- Bouguer formula (Beggas, 2018; Ezekoye and Okeke, 2006): 

       (   )                                                          (1- 12) 

Where, I0 is the initial light intensity, I is the light intensity at a distance (d) inside the 

sample, (α) is a coefficient that represents the decrease in the intensity of a light beam as it 

travels through a medium and is known as the absorption (or attenuation) coefficient, which can 

be obtained through the relation (Ghougali, 2019; Sagadevan and Podder, 2015) : 

   
  (   ⁄ )

 
                                                             (1- 13) 

For hv < Eg (direct), no electron hole pairs can be created, the material is transparent and 

(α) is small. For hv ≥ Eg (direct), absorption should be strong and it is clear that (α) must be 

strong. The absorption coefficient (α) is related to the incident photon energy hv and the band 

gap Eg of the material as: 

  
 (     )   

  
                                                       (1-14) 

Where A is a constant, Eg is the optical band gap. 

UV-Vis spectra of the samples obtained by a spectrophotometer (Shimadzu, UV-1800) 

available at VTRS Laboratory, El Oued University, in the wavelength range between 300-900 

nm (Figure 1.12a). All spectra were measured by placing the samples in the holder attached to 

the device. The UV/Vis spectrometer equipment schematic diagram is shown in (Figure 1.12b). 

The visible wavelengths are produced by a halogen lamp, while the UV wavelengths are 

produced by a tungsten filament. Mirrors are used to monochromatize the light after it has passed 

through the filters. After that, two beams of monochromatic light are created, one of which 

passes through the sample and the other via the reference cell. Finally, a detector is used to 

gather the sample's emitted light. The detector turns light into an electrical signal to produce a 

spectrogram versus wavelength (Leber, 2018). 
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Figure 1.12. (a) Shimadzu UV-1800 spectrophotometer and (b) Illustration diagram of UV-Vis set u 

(Boukhari, 2022) 

1.5.3.2 Optical band gap energy 

 One of the essential properties of optical materials is the band gap energy (Eg). The band 

gap refers to the energy difference (often expressed in electron-volts) between the top of the 

valence band and the bottom of the conduction band in insulators and semiconductors .  It is well 

known that a semiconductor material's band gap can only ever be direct or indirect (Ahrenkiel 

and Johnston, 1998). As seen in Figure 1.13 the minimal-energy state in the conduction band and 

the maximal-energy state in the valence band are each characterized by a certain crystal 

momentum (k-vector) in the Brillouin zone. If the k-vectors are different, the material has an 

"indirect gap". The band gap is called "direct" if the crystal momentum of electrons and holes is 

the same in both the conduction band and the valence band; an electron can directly emit a 

photon. In an "indirect" gap, a photon cannot be emitted because the electron must pass through 

an intermediate state and transfer momentum to the crystal lattice (Garrillo, 2018). 

(a) (b) 
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Figure 1.13. Scheme showing the indirect (right) and direct (left) bandgap (Garrillo, 2018). 

The band gap energy (of the forbidden energy zone) can be estimated from the 

mathematical study of measurements obtained with a UV-Vis spectrophotometer according to 

Tauc’s formula (Tauc et al., 1966) : 

     (     )
 

                                                        (1- 15) 

 Where   is absorption coefficient,    is the energy of photons (  is Planck’s constant and 

  is incident photon frequency), A is constant,    is the band gap, and (m) represents the 

transition type. The value of m is 1/2 and 2 for direct allowed and indirect allowed band gap 

transition, respectively. Also, m = 3/2 for direct forbidden transitions and m = 3 for indirect 

forbidden transitions. The determination of band gap energy by using Tauc plot is done by 

plotting the value of the (αhυ)
2
 versus (hυ), then taking the extrapolation in the linear area across 

the energy axis in the corresponding curve. The intersection with energy-axis is the estimation of 

the corresponding energy gap as shown in the Figure 1.14 (Mishra et al., 2011). 

 

Figure 1.14. Extract the energy bandgap (Eg) from the graph of (αhν)
2
 vs (hν) (Tadjarodi et al., 

2013). 
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1.5.3.3 Urbach energy 

 Impurity insertion into semiconductors frequently displays the appearance of band tails in 

the bandgap results of the emergence of localized states (Mrabet et al., 2016). These defect states 

provide absorption up to the depth of the forbidden range, which establishes a band tail from 

below the conduction band to the depth of the bandgap. Likewise, defect states close to the 

valence band stretch the valence band edge into the gap. Therefore, an energy tail forms on either 

side of the conduction band minimum and valence band maximum, which relates to the disorder 

of matter (Borah and Mohanta, 2012; Parida et al., 2015). This tail is called the Urbach tail, and 

the energy is known as Urbach energy. The Urbach energy formula is given by (Choudhury and 

Choudhury, 2014; Parida et al., 2015):  

        (
  

  
)                                                           (1- 16) 

Where (Eu) is the Urbach energy and (α0) is a constant. The Urbach energy can be 

determined by the opposite slope of the linear part of ln (α) vs. (hv). The band states formed 

between the conduction and valence bands are known to narrow the band gap. The band gap is 

known to be narrowed by the band states that occur between the conduction and valence bands. 

This demonstrates that there is a link between the Urbach energy and the band gap energy since 

the band gap energy value rises as the Urbach energy value falls (Parida et al., 2015; Ali et al., 

2017). Figure 1.15 provide schematic illustrations of the Urbach tail and the relation between 

Urbach energy and bandgap for various samples. 

 

Figure 1.15.  (a) Scheme showing the formation of the Urbach tail and (b) Changes in bandgap and 

Urbach energy with different samples (Parida et al., 2015). 
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1.5.4 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a very flexible tool for studying and 

evaluating chemical compositions, morphology, and microstructures of a sample.  By exploiting 

the interaction between beam of electrons and the material surface to produce a high-resolution 

topological image. Electron microscopy enables the imaging of a specimen's surface. 

Researchers may view stuff with greater detail with electron microscopy than they can using a 

light microscope because of its higher magnification compared to a light microscope. This non-

destructive method offers important insights into sample shape, crystallization mode, crystallite 

size estimate, and sample thickness from cross-sectional views (Abd Mutalib et al., 2017). 

Images are created by the scanning electron microscope (SEM) by detecting signals 

caused by interactions between electron signals and scanned material. Elastic and inelastic 

interactions can be used to categorize these interactions. Low-energy secondary electrons (SEs) 

are released as a result of the primary beam electrons' energy being transferred to the sample's 

atoms during inelastic interactions. Elastic interactions happen when the main electrons are 

deflected when they come into contact with an atomic nucleus or other electrons in the sample 

with a comparable energy. Imaging of the material can be done using backscattered electrons 

(BSEs), which are dispersed at angles larger than 90 degrees. The interaction of the electron 

beam with the material results in other signals in addition to imaging signals, such as 

recognizable x-rays and Auger electrons. These interactions and signal generation processes are 

depicted in Figure 1.16 (Abd Mutalib et al., 2017; Aharinejad et al., 1992). 

 

Figure 1.16. Electron Interaction with Sample. (a) The signals generated by the interaction of the 

electron beam with the sample. (b) a diagram showing the volume of the subsurface electron 

interaction (Inkson, 2016). 
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A common method for examining specimen surfaces is the scanning electron microscope 

(SEM). The usual design of a SEM is seen in Figure 1.17.   It has a number of parts, including an 

electron cannon, electromagnetic lenses for electron focusing, a vacuum chamber with a 

specimen stage, and detectors to gather emitted signals. Secondary electron (SE) detectors, 

backscattered electron (BSE) detectors, and X-ray spectrometers are frequently found in SEMs. 

The SEMs imaging modes and application possibilities are controlled by these detectors. Figure 

1.17b, shows a full SEM apparatus (Inkson, 2016). 

(a) (b) 

  

Figure 1.17. Scanning electron microscopy. (a) a schematic showing the essential elements of a SEM 

microscope. (b) SEM device (Inkson, 2016) 
 

1.5.5 Photoluminescence spectroscopy (PL) 

Photoluminescence is a versatile, non-destructive spectroscopy technique for examining 

the electronic structure of a studied sample. This method involves analyzing the energy 

distribution of photons that have released following the optical stimulation. Absorption of a 

photon by a substance pushes electrons to be excited and transition to a greater energy level. 

When the electron returns to a lower energy level, the energy of the emitted photon will be 

different than that of the incident photon. The energy of the emitted photon is proportional to the 

electron energy levels. Typically, a laser is used to excite the sample, and after that, a Rayleigh 

filter is used to focus the dispersed light. Then, the intensity of the generated spectra is 
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determined on the detector after being transmitted through a monochromator (Gilliland, 1997; 

Evans, 2020). 

A multitude of parameters, including the band gap, the existence of defects or impurities, 

and the recombination processes, may be identified via photoluminescence spectroscopy. A 

simplified representation of the photoluminescence mechanisms is shown in Figure 1.18. 

 

Figure 1.18.  Diagram illustrates the phenomena of photoluminescence (Heine and Müller-

Buschbaum, 2013). 

The photoluminescence of a sample is measured and recorded using an analytical tool 

called a spectrofluorometer (Figure 1.19b). The device uses a continuous light source, which is a 

xenon lamp with a capacity of 150 w. A mirror collects the lamp's light, which then is focused on 

the entry slit of the excitation monochromator. The outgoing beam is divided by a semi-

transparent blade (Beam splitter), with one half reflecting to a control detector and the other part 

interacts with the sample. The monochromator receives the luminescence radiation generated by 

the latter, and the photomultiplier measures the related intensity value. Finally, the data is 

collected and displayed using a computer system (Vallikkodi, 2018; Boukhari, 2022). 
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Figure 1.19. Photoluminescence spectroscopy experimental setup : (a) PL spectrometer setup and 

(b) Diagrammatic representation of the photoluminescence system (Alshehawy et al., 2021) 

1.6 Conclusion 

In this chapter, we delineated the concept of thin films, elaborating on several methods 

for their preparation, with a particular focus on the spray pyrolysis method. Following this, we 

outlined the devices utilized for studying the properties of the prepared films. It is widely 

recognized that nonlinear optical properties play a pivotal role in determining the electronic 

characteristics of semiconductor materials, making them a crucial parameter for device design. 

To address this aspect comprehensively, the next chapter will offer a detailed overview of 

nonlinear optical materials (NLO) and their classification. Furthermore, we will highlight the 

nonlinear optical phenomena and the associated processes. 
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2.1 Introduction  

Non-linear optical (NLO) phenomena are a fascinating aspect of materials science, as 

they involve the interaction between light and matter in ways that are not linear. These 

phenomena can lead to a wide range of intriguing effects, such as second and third harmonic 

generation, difference frequency generation, sum frequency generation, the intensity dependence 

of the complex refractive index, light-by-light scattering, and stimulated light scattering. In this 

chapter, we will explore the basics of non-linear optics, focusing on the nonlinear wave equation, 

polarization of matter, linear optics, and nonlinear susceptibilities. 

2.1.1 Overview of Non-linear Optical (NLO) Materials 

NLO materials exhibit an anisotropic crystal structure in the presence of electromagnetic 

radiation. The importance of nonlinear optics lies in understanding nonlinearity within induced 

polarization, as well as analyzing and managing its impact on light propagation in materials. 

NLO materials can be categorized into various classes, including crystals, polymers, and 

nanomaterials. Crystalline materials often exhibit strong non-linear responses due to their 

specific crystal symmetries, making them suitable for various applications in photonic system 

including high-speed optical modulators, ultrafast optical switches, and high-density optical 

storage media. However, Several factors influence the non-linear optical response of materials. 

The bandgap, crystal symmetry, and electronic and vibrational transitions play crucial roles in 

determining the extent of non-linearity. Understanding these factors is essential for tailoring 

materials to exhibit desired non-linear optical properties (Darabi et al., 2019; Givens, 1958).  

2.1.2 Classification of NLO Materials 

NLO materials can be classified based on their nonlinear susceptibilities, which 

determine the strength of the nonlinear response to an applied electric field. Commonly, 

materials are classified into three categories (Darabi et al., 2019; Givens, 1958): 

1. Linear materials: These materials exhibit a linear response to an applied electric field, with 

their polarization proportional to the electric field strength. 

2. Quasi-linear materials: These materials exhibit a nonlinear response to an applied electric 

field, but their nonlinear susceptibility is relatively small compared to other NLO materials. 
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3. Nonlinear materials: These materials exhibit a strong nonlinear response to an applied 

electric field, with their polarization being a power series in relation to the electric field strength. 

2.1.3 Matter-Light Interaction 

Matter interacts with the electromagnetic field of light via both its electric and magnetic 

components. This interaction has the greatest impact on the charged particles within the 

substance. In the world of nonlinear optics, the electric field has a substantially greater influence 

on matter than the magnetic field, which is the case in most practical scenarios. Non-linear optics 

is concerned with the interaction between electromagnetic radiation fields (light) with matter, 

which results in the formation of a novel field with changes in phase, frequency, polarization, or 

direction from the original field(s). The intensity of the incoming light is proportional to the 

square of the electric field's amplitude, indicated as E. The light's fluctuating electric field (E) 

causes charged particles such as dipoles, ions, atomic nuclei, and electrons to be displaced inside 

the material. As a result, this process generates a dipole, and the induced dipole per unit volume 

is known as the polarization (P) (Kauranen et al., 1997; Wolff and Wortmann, 1999). 

2.2 Non-linear Optical Phenomena 

2.2.1 Maxwell’s Equations 

The theoretical framework for non-linear optical phenomena is rooted in Maxwell's 

equations. These equations describe the propagation of electromagnetic waves through a medium 

and include terms related to the polarization of the material. These equations are given by the 

following four equations (Dehghan and Salehi, 2014; Ebrahimijahan et al., 2022; Ren et al., 

2020):  

 (2-1) 
 ⃗⃗   ⃗   
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With E the electric field, B the magnetic field,  ρ the electric charge density and  J the 

current density.    is the vacuum permittivity and μ0  the vacuum permeability. The wave equation, 

which describe the propagation of the electric vector field of light in non-linear optical media, 

can be derived from above Maxwell's equations.  The displacement D in linear optics is given 

as(Wolff and Wortmann, 1999): 

                                                                     (2-5) 

where ε0 is the vacuum permittivity, E is the electric field and P = (PL +PNL) is the polarization 

vector, where  PL and PNL are linear and nonlinear polarization, respectively. Also, 

      
( )                 (2-6) 

Therefore 

        (   
( ))                      (2-7) 

                                                     (2-8) 

Now from linear optics, 

         
   

   
                                                            (2-9) 

        
   

   
                                                           (2-10) 

Using both sides of equation                                     

              (     )                                                (2-11) 

B = µoH, this implies that 

               
 (     )

  
    

   

   
                                   (2-12) 

Through substitutions and simplification, we arrived at the nonlinear wave equation 

as(Evans, 2013; Wolff and Wortmann, 1999). 

    
      

   
 

       

   
                                                    (2-13) 

 

https://en.wikipedia.org/wiki/Vacuum_permeability
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2.2.2 Linear Optics: Linear Susceptibility (χ
(1)

) 

Linear susceptibility (χ
(1)

) describes the linear response of a material to an applied electric 

field, relating the induced polarization to the electric field. It is connected to the refractive index 

and the medium's absorption energy from electric field, determining the optical propagation 

velocity and the medium's response to changes in a first-order way. The output of a linear-optical 

system with constant parameters will have the same frequency if monochromatic light is fed into 

it. For instance, red light that enters a lens will remain red after leaving the lens. The linear 

susceptibility χ
(l) 

indicates how a medium responds to changes in a first-order way and varies 

with frequency. In a physical medium, χ
(l)

 can be considered a scalar quantity. For such a linear 

medium, this quantity is also linked to the dielectric constant, and there is an equation that 

describes this relationship is given by (Marder, 2016; Noblet and Humbert, 2019; Vivas et al., 

2020): 

      
( )                                                                (2-6) 

Susceptibility in mathematical processing is considered as having a real and imaginary 

component. While the imaginary portion of susceptibility is connected to the medium's 

absorption energy from electric field due to dipole motion of particles in material, the real 

portion of susceptibility determines the optical propagation velocity in the medium. The 

refractive index is closely connected to linear susceptibility, which may be calculated using the 

following equation(Abdel-Galil et al., 2020): 

 ( )  (    )   ⁄                                                      (2-14) 

The output of a linear-optical system with constant parameters will have the same 

frequency if monochromatic light is fed into it. For instance, red light that enters a lens will 

remain red after leaving the lens. Figure 2.1 displays images demonstrating the linear optics 

phenomena (Noblet and Humbert, 2019). 
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Figure 2.1. Fundamentals of linear optics. a) Geometry of the interaction of a wave with a medium 

characterized by susceptibility χ
(1)

. b) Principle of application of infrared radiation to an organic 

system. c) Principle of application of ultraviolet radiation to an inorganic system (Noblet and 

Humbert, 2019). 

The linear susceptibility χ
(l)

 indicates how a medium responds to changes in a first-order 

way and varies with frequency. In a physical medium, χ
(l)

 can be considered a scalar quantity. 

For such a linear medium (where  ×E = 0) given that   ×   × E =   ( .E) - ΔE one obtains wave 

Eq (2-12) of the following form (Evans, 2013; Wolff and Wortmann, 1999): 

       ( 
( )( )   )

   

   
                                                     (2-15) 

Within somewhat absorbent materials, potential solutions to this differential equation 

include planar waves traveling in the z-direction, (Wolff and Wortmann, 1999) 

 ( )        ( 
 

 
   )    (      )                                    (2-16) 

In this context, E
ω
 represents the amplitude of the field, while α

ω
 signifies the absorption 

coefficient and k
ω
 stands for the wave's vector at the frequency ω. The values of α

ω
 and k

ω
 are 

connected to the real and imaginary components of the linear susceptibility through equations (2-

17)–(2-19) (Peiponen et al., 2004; Wolff and Wortmann, 1999). 
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where c0 and λo are the speed of light and wavelength in vacuum, respectively. 

At large electric field intensities E, it makes intuitive sense that the linear relationship (2-

6) would no longer hold true. Anharmonic polarization terms become more significant in 

optically non-linear media. High electric field strengths caused by high light intensities cause 

this to happen.  The intensity I
ω
 (irradiance, W m

-2
) carried by an electromagnetic wave in a 

plane of amplitude E
ω
 is given by (Evans, 2013; Wolff and Wortmann, 1999) 

   
 

 
     

 |  |                                                              (2-20) 

For instance, E
ω
 is approximately 3×10

6
V m

-1
 for a pulsed Nd:YAG laser with I

ω
 = 1 

MW cm
-2

 of irradiation.  Comparing this electric field to usual intramolecular fields that affect 

electrons and nuclei, it is still tiny. However, a number of non-linear optical processes can 

develop in the medium as a result of the high-power lasers' huge field strengths. 

2.2.3 Nonlinear Susceptibilities (χ
(n)

) 

The electromagnetic response of an optical medium, particularly at optical frequencies, is 

essentially determined by its polarization, indicated as P(t). A nonlinear polarization may be 

produced by moving atoms and electrons, which is made possible by the powerful electric fields 

produced by lasers. To explore the nonlinear reaction of an optical medium, an approach 

involves expressing the medium's polarization as a power series in relation to the electric field, 

(Panoiu et al., 2018; Prylepa et al., 2018; Bano et al., 2021) 

 ( )    [ 
( ) ( )   ( ) ( )   ( ) ( )   ]                                 (2-21) 

where χ
(i)

 is the susceptibility of the order of (i + 1) and ε0 is the permittivity of a vacuum. 

The medium's polarization can be separated into linear and nonlinear components, P(t) = 

PL(t)+ PNL(t) , based on its power dependency on the electric field, where 

   ( )     
( ) ( )     

( ) ( )     ( )( )   ( )( )               (2-22) 

In the above equation, polarizations of second and third order are shown, respectively. 

where χ
(i)

 is the i-th-order NLO  susceptibility. The first term χ
(1)

 expresses the linear 

optical response. On the other hand, higher-order components (i ≥ 2) become relevant if the 

visual field is strong enough or the NLO susceptibility is high (Boyd et al., 2008; Autere et al., 

2018), it may result in radiation at frequencies (such as the sum of the input light signals' 



Nonlinear Optical Responses in Materials Chapter 2 
 

  
 

59 

frequencies) differing from the frequency of the incoming light. The effects of nonlinear optics at 

the second order, which encompass phenomena like second-harmonic generation (SHG), as well 

as sum- and difference-frequency generation (SFG, DFG), are commonly explained using the 

second-order nonlinear susceptibility denoted as χ
(2)

 in Equation (2-21). Whereas third-order 

NLO phenomena (such as third harmonic generation (THG), four-wave mixing (FWM) and 

saturable absorption (SA)) often arise from the effect of NLO susceptibility χ
(3)

. Conversely, 

multiphoton absorption and scattering, and higher harmonic generation are defined using the i-

th-order NLO susceptibility χ
(i)

, where i is often more than 5. The nonlinear processes interaction 

potency often declines as (i) increases (Boyd et al., 2008; Autere et al., 2018). As a result, second 

and third-order nonlinear processes are the most visible phenomena making them prevalent in 

many applications(such as imaging (Zipfel et al., 2003), frequency conversion, (Boyd et al., 

2008; Ghotbi et al., 2006) and ultrafast lasers (Li, 2017; Wooten et al., 2000), etc. Figure 2.2). 

 

Figure 2.2. Nonlinear optical principles. Various NLO uses are illustrated. TPA refers to two-

photon absorption, while Δn expresses the refractive index variation based on the intensity(Autere 

et al., 2018). 
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2.2.4 Descriptions of Nonlinear Optical Processes 

Nonlinear optical processes describe the wide range of events that occur when strong 

light interacts with a material and causes effects that are incompatible with the strength of the 

incoming light. The electromagnetic field of light interacts with the material's electric dipoles or 

electronic structure, leading to nonlinear optical processes. These interactions can result in a 

variety of intriguing occurrences, including: 

2.2.4.1 Second-order processes 

The second-order NLO susceptibility χ
(2)

 relates to the second-order NLO phenomena as 

second harmonic generation (SHG), difference frequency generation (DFG), and sum frequency 

generation (SFG). With SHG, an input wave with frequency ω generates an output signal with 

twice the frequency 2ω. In both DFG and SFG, a new photon may be created from two input 

photons with frequencies ω1 and ω2. The SFG process produces a brand-new photon with the 

frequency (ω3 = ω1 + ω2). On the other hand, in the DFG process, the annihilation of pump 

photons with frequencies of ω1 and ω2 results in a photon with frequency (ω3 = ω1 − ω2), as seen 

in Figure 2.3(Kalsoom et al., 2021; Panoiu et al., 2018). 

Let's take a second-harmonic generation, which is schematically depicted in Figure 2.3, 

as an illustration of NLO interaction. The electric field strength of a laser beam is depicted here 

as (Boyd, 2020), 

 ( )                                                                       (2-23) 

The nonlinear polarization produced by a non-zero χ
(2)

 crystal following the application 

of electric intensity is given as (Kalsoom et al., 2021; Boyd, 2020): 

 ( )( )      
( )    (   

( )             )                               (2-24) 

Second harmonic generation (SHG) is caused when ω1 = ω2 =ω and ω3 = 2ω by the 

polarization P( ω3 = 2ω). Franken et al. (Franken et al., 1961) focused a ruby laser's 694.3 nm 

output onto a quartz crystal to produce a very weak output at 347.15 nm, which they used to 

make the first observation of this phenomenon. As a result, the frequency of the incoming light is 

doubled,, allowing one to use lasers with wavelengths that reach into the blue and ultraviolet 

regions of the spectrum. The laser-induced nuclear fusion process, which seems to be more 
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effective at higher optical frequencies, is one significant use of SHG (Boyd et al., 2008; Arivuoli, 

2001). 

Next, let's look at the case when the optical field impinge on a second-order nonlinear 

optical material has two separate frequency elements, which we express as follows (Vyas et al., 

2022; Boyd, 2020): 

 ( )     
         

                                                      (2-25) 

  And as we know earlier from Eq. (2-25) that the second-order component of the 

nonlinear polarization follows the pattern: 

 ( )( )     
( ) ( )                                                                 (2-26) 

According to Equations (2-25) and (2-26), the second-order nonlinear polarization 

produced within this medium is determined as follows (Panoiu et al., 2018; Vyas et al., 2022; 

Boyd, 2020): 

 ( )( )     
( )[  

           
               

  (     )       
    (     )      ]  

    
( )[    

      
 ]                                                                                                              (2-27) 

The various variables in Equation (2-27) represent four distinct second-order NLO 

processes. Second-harmonic generation (SHG), which is illustrated in the first and second 

phrases. Sum-frequency generation (SFG) and differential frequency generation (DFG) are 

denoted by the third and fourth components, respectively. The final phrase stands for optical 

rectification (OR) (Panoiu et al., 2018; Vyas et al., 2022). 

This finding may be easily expressed by using the notation (Panoiu et al., 2018; Boyd, 

2020): 

 ( )( )  ∑  (  ) 
     

                                                   (2-28) 

The nonlinear polarizations that describe many second-order nonlinear optical 

phenomena can be stated as follows (Panoiu et al., 2018; Boyd, 2020): 

    
( ) (   )     

( )  
                                                                                 (2-29) 

    
( ) (   )     

( )  
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( ) (     )      

( )     (2-31) 
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( ) (     )      

( )    
  (2-32) 

   
( )( )      

( )[    
      

 ] (2-33) 

Figure 2.3 presents a schematic illustration of the three most prevalent second-order NLO 

phenomena represented by the foregoing equations, namely SHG, SFG, and DFG (Panoiu et al., 

2018). Each of these processes has its practical applications. These nonlinear optical processes, 

for instance, are used in several wavelength conversion systems. The generation of new coherent 

light components can occur at wavelengths that are either shorter (SHG, SFG) or longer (DFG) 

than those of the incident beams (Vyas et al., 2022). 

 

Figure 2.3. Visual representation of second-order NLO processes. (a) Depicting SHG, SFG, and 

SDG sequentially from top to bottom. (b) Arranging energy-level diagrams from left to right to 

portray SHG, SFG, and SDG, respectively (Panoiu et al., 2018). 

2.2.4.2 Third-order processes 

Third-order nonlinear optical phenomena emerge due to the presence of the third 

component in Equation (2-21). It should be observed that χ
(2)

 disappears for materials having a 

center of symmetry, but odd terms, such as χ
(3)

, are nonzero for all media (Kodikara et al., 2018). 

Nonlinear optical (NLO) interactions in crystals via third-order susceptibility χ
(3)

 are of 

tremendous study and practical interest due to their applicability to diverse optical systems and 

optical information processing. Optical harmonic production is a well-established spectroscopic 

technique to learn important details about the materials' NLO properties (Shanon et al., 2016). 

Third-order susceptibility is crucial in photonics because it exhibits a large variety of switching-

related phenomena. This becomes clear when considering an electric field E that consists of three 

distinct frequency components ωk (Vyas et al., 2022; Ahmed and Glesk, 2015): 
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 ( )     
         

         
                                      (2-34) 

We then take into account the nonlinear polarization's third-order impact. 

  ( )     
( ) ( )                                                             (2-35) 

The third-order polarization P
(3)

(t), which has 44 distinct frequency components, may be 

determined by using the third term in Equation (2-21) and assuming the electric field as E. 

Within these, the terms associated with frequencies 3ω1, 3ω2 and 3ω3 delineate the phenomenon 

known as third-harmonic generation (THG). Additionally, third-order nonlinear effects 

encompass other processes such as four-wave mixing (FWM), alterations in refractive index 

dependent on intensity and saturable absorption). These effects generally originate from the 

third-order NLO susceptibility χ
(3)

 (Vyas et al., 2022; Autere et al., 2018). 

2.2.4.2.1 Third-Harmonic Generation (THG) 

One type of third-order nonlinear effect is THG. Similar to SHG, the third harmonic is 

created by the interaction of three photons with the same frequency (ω), which is seen in Figure 

2.4. This interaction results in the creation of a single photon with the frequency of 3ω, or ωTHG 

= 3ω. THG is not dependent on centered inversion symmetry breaking, but rather on a medium's 

third-order NLO susceptibility and limited phase-matching in the excitation area. In light of this, 

THG can be produced whether the material is centrosymmetric or not. While THG has a cubic 

dependence on the intensity of the excitation light, its function is comparable to that of SHG 

(Welford, 1985; Boyd et al., 2008; Zhou et al., 2020). 

Higher-order harmonics are often weaker than lower-order ones (Wen et al., 2019). To 

form a THG photon, which has a lower probability than the two photon scenario in SHG, three 

photons must emerge simultaneously. THG, however, was substantially more potent than SHG 

in monolayer MoS2 under (1560 nm) stimulation, according to two studies (Säynätjoki et al., 

2017; Woodward et al., 2016). 

THG is important for frequency conversion and grain boundary identification. Karvonen 

et al revealed that the contrast between the borders and the grains in THG imaging was 

substantially higher than in traditional SHG, Raman, and PL mapping, making it a strong tool for 

the quick and sensitive characterisation of materials (Karvonen et al., 2017). 
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Figure 2.4. Third-harmonic generation. (a) A look of the interaction's geometry. (b) A description 

of energy levels (Boyd, 2020). 

2.2.4.2.2  Four-Wave Mixing (FWM) 

FWM is a third-order nonlinearity in which the interaction of two or three photons with 

distinct wavelengths results in the production of two or a single photon with novel wavelengths. 

No matter if the material is inversion symmetric, FWM is a third-order NLO process. So, 

theoretically, FWM may be produced in any material. FWM often comes in a wide variety of 

forms, one of which is seen in Figure 2.5. This energy curve is consistent with the equation (w4 = 

w1 + w2 - w3). FWM is widely utilized in a variety of applications, including imaging, 

wavelength conversion, and numerous other types of optical processing (Welford, 1985; Boyd et 

al., 2008; Zhou et al., 2020). 

 

Figure 2.5. Two potential mixing mechanisms can be delineated. This phenomenon arises through 

the interaction of three incident waves within a medium distinguished by the susceptibility χ
(3)

 

(Boyd, 2020). 
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2.2.4.2.3 Intensity-Dependent Refractive Index 

The most common third-order NLO phenomenon that has been studied in nonlinear 

plasmons and nonlinear optics more broadly is the Kerr effect. When a nonlinear optical medium 

interacts with an optical field, its refractive index changes. The Kerr effect is described by a 

nonlinear polarization of the third order, which can be written as (Panoiu et al., 2018; Boyd et 

al., 2008): 

   ( )      
( )| ( )|  ( )                                                 (2-36) 

Given the limits of equation (2-21), the total polarization (PTOT) can be expressed as follows 

(Boyd et al., 2008): 

    ( )    [ 
( ) ( )    ( )| ( )|  ( )]         ( )             (2-37) 

where χeff =(χ
(1)

 + 3χ
(3)

 |E(ω)|
2
)  is the effective susceptibility. 

We see that in general, there is a relationship between nonlinear susceptibility χ
(3)

  and nonlinear 

refractive index n
2
 which is as follows (Boyd et al., 2008): 

                                                                     (2-38) 

While the refractive index of various materials may be explained by the relationship (Panoiu et 

al., 2018; Boyd et al., 2008): 

        | ( )|
                                                 (2-39) 

where n0 is the linear refractive index and ñ2 is a new optical constant that indicates how high the 

refractive index rises when the optical density increases. By integrating equation (2-39) on the 

left side and the effective susceptibility formula on the right side of equation (2-38), we find that 

[      | ( )|
 ]       ( )      ( )| ( )|                           (2-40) 

Consequently, by matching, we find 

   (     
( ))

   
                                                        (2-41) 

And 

   
  

  
 ( )                                                              (2-42) 
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When a coherent laser beam passes through a nonlinear material, the refractive index is 

altered (or modified). Nonlinear refractive index (n2) is one of the most significant third-order 

nonlinear optical characteristics of a photonic material. This non-linear refractive index defines 

the optical Kerr effect, wherein the refractive index (n) varies in accordance with the intensity (I) 

of the incident light, as expressed by (Vyas et al., 2022): 

                                                                            (2-43) 

where I = (n0c/4π)E
2
 is the intensity of the incident wave (Boyd et al., 2008). 

Given that the overall refractive index n remains constant under both characterizations of 

the nonlinear contribution, a comparison of Equations (2-39) and (2-43) reveals that (Panoiu et 

al., 2018): 

   | ( )|
                                                               (2-44) 

so that ñ2 and n2 are connected by (Boyd et al., 2008): 

   
  

   
                                                                  (2-45) 

Where by entering equation (2-42) in (2-45) we find that n2 is connected to χ
(3)

 by (Evans and 

Mazur, 2012; Boyd et al., 2008): 

   
    

  
  
 ( )                                                             (2-46) 

Since it is frequently more practical to express I in quantities of W/cm
2
, n2 is therefore expressed 

in units of cm
2
/W. We then determine that numerically (Evans and Mazur, 2012):  

  (
   

 
)  

    

  
  
    ( )(   )                                            (2-47) 

Table 2.1 reveals the ranges of n2 values for certain materials (Li, 2017). 

Table 2.1. n2 values ranges for some materials (Li, 2017). 

number Material Range / cm
2
W

-1
 

1 glass 10
-16

-10
-14

 

2 Doped - glass 10
-14

-10
-7

 

3 Organic - material 10
-18

-10
-8

 

4 semiconductor 10
-10

-10
-2
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2.2.4.2.4 Saturable absorption (SA) 

Saturable absorption is an illustration of a nonlinear optical phenomenon. Many material 

systems possess the feature that when tested with a high laser intensity, their absorption 

coefficient falls. A common formulation for the relationship between the observed absorption 

coefficient and the incident laser radiation's intensity is (Boyd,  2020) :  

  
  

     ⁄
                                                                    (2-48) 

Here, α0 represents the absorption coefficient at low intensities and Is signifies the 

saturable intensity, which denotes the intensity corresponding to half of the maximum 

absorption. 

Saturable absorption is an NLO feature of materials that happens in the presence of high-

intensity light sources such as lasers. The Pauli-blocking effect causes saturable absorption, 

which occurs when a transition state is completely occupied and can no longer take incoming 

electrons (Schröder et al., 1980). When a light beam interacts with NLO material, electrons in 

the valence band absorb incoming photons and are stimulated to the conduction band. Figure 

2.6a illustrates how most photons are absorbed at low incoming intensities, leading to limited 

transmission. Conversely, when subjected to relatively elevated intensities of incident laser 

beams, a significant quantity of electrons becomes excited, populating the conduction band of a 

saturable absorption (SA) specimen with a ground state cross-section smaller than that of the 

excited states. As a result, the majority of incoming photons are not absorbed and pass through 

the material, resulting in high transmission, as seen in Figure 2.6b (Wang et al., 2019). 

 

Figure 2.6. The theory of saturable absorption owing to Pauli-blocking. (a) A low-intensity laser 

beam is impinge on a nonlinear optical medium with a poor transmission. (b) The interaction of a 

high-intensity laser beam with a nonlinear optical material results in high transmission (Wang et al., 

2019). 
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2.2.4.2.5  Two-Photon Absorption (TPA) 

A further nonlinear process that results from the imaginary portion of χ
(3)

 is two-photon 

absorption. TPA is the process by which two photons with the same or different frequency are 

simultaneously absorbed by a molecular system, stimulating it to change its electronic state. 

During this process, the system initially takes in one photon and is excited to a virtual state. After 

that, before returning to its original state, it rapidly absorbs a second photon, culminating in its 

elevation to the final state. Figure 2.7 depicts a visual illustration of the TPA procedure (Rumi 

and Perry, 2010; Alam et al., 2014). 

 

Figure 2.7. Pictorial representation of two-photon absorption process(Alam et al., 2014). 

Another crucial factor for assessing a nonlinear photonic device is the TPA coefficient 

(α2), which pertains to the TPA phenomenon involving electronic transitions due to the 

concurrent absorption of two photons. Given the presence of TPA, the intensity-dependent 

nonlinear absorption coefficient (α) is as follows (Vyas et al., 2022; Sun et al., 2006):  

                                                                       (2-49) 

where α0 is the linear absorption coefficient and α2 is the nonlinear absorption coefficient. 

Third-order optical susceptibility is correlated with a nonlinear index of refraction as well 

as a nonlinear absorption coefficient. From experimentally determining n2 and α2 in accordance 

with the following relationships, the results of the real and imaginary portions of the third-order 

nonlinear optical susceptibility χ
(3)

  were found (Sun et al., 2006; Shanon et al., 2016): 

   ( )  (
   

 

    
)   

                                                          (2-50) 
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   ( )  (
   

 

       
)   

                                                     (2-51) 

Here, c denotes the velocity of light in a vacuum (3 × 10
8
 m/s), ε0 is the vacuum permittivity 

(8.854 × 10
-12

 F/m). 

2.2.4.3 Higher-order processes 

The high-order NLO susceptibility χ
(n)

 is a good indicator of HHG and high-order 

multiphoton scattering, absorption, and luminescence. Because the intensity of nonlinear process 

interactions often diminishes with n, the high-order NLO effects, including HHG, are relatively 

weak and insignificant. However, given the length restrictions of this study, a detailed 

explanation of their few applications in the characterization of materials will not be provided. 

The prominent and most frequently noticed phenomena in nonlinear systems that we shall 

concentrate on are the second and third-order NLO effects (Zhou et al., 2020). 

The lower-order processes often predominate in nonlinear interactions, making fourth, 

fifth, and higher-order nonlinear optical processes the subject of few experiments.  However, 

there exists an exception known as three-photon absorption (3PA), which is a fifth-order 

nonlinear optical process that concurrently absorbs three photons during an electronic transition. 

In instances involving 3PA, the intensity-dependent absorption coefficient can be expressed as   

α = α0 + α3I
2
, where (α3) is the 3PA coefficient (Vyas et al., 2022; Aitchison et al., 1997). 

2.3 Non-linear Phenomena in NiO Thin Films 

Thin films are materials with a thickness ranging from a few nanometers to several 

micrometers. Their optical properties are influenced by quantum effects, surface states, and the 

nature of the interfaces. I addition, theirs properties are distinct from those of bulk materials, 

owing to quantum confinement effects and altered electron-photon interactions. A critical aspect 

is the modification of the non-linear susceptibility (χ) due to the confined nature of electrons and 

photons in thin films. Hence, it present a unique platform for studying non-linear optical 

phenomena. The thickness-dependent non-linear susceptibility reveals the intricate relationship 

between the thickness of a thin film and its non-linear optical response. As the film thickness 

decreases, the quantum confinement effects become more pronounced, affecting the electronic 

structure and, consequently, the non-linear optical behavior (Semin et al., 2021). 
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NiO thin films, composed of nickel oxide, are of particular interest due to their 

pronounced  non-linear optical properties. Understanding the structural and optical properties of 

NiO thin films is essential for correlating their behavior with non-linear optical phenomena. NiO 

thin films, with their tailored non-linear optical properties, find applications in sensing and 

imaging technologies. Their use in nonlinear microscopy and sensing of environmental changes 

showcases the versatility of NiO thin films in real-world applications. 

Several synthesis methods are employed to fabricate NiO thin films, each influencing the 

resulting material properties. Techniques such as physical vapor deposition, chemical vapor 

deposition, and sol-gel processes offer varying levels of control over film thickness, crystallinity, 

and morphology. The choice of synthesis method is crucial in tailoring NiO thin films for 

specific applications. 

2.4 Conclusion 

This section provided an in-depth exploration of the nonlinear reaction of materials when 

subjected to light. It also delved into second- and third-order nonlinear optical processes, which 

fall within the realm of nonlinear optical phenomena. The subsequent chapter will encompass 

two phases: the initial stage will delve into the experimental procedures employed to acquire 

NiO thin films, while the second stage will concentrate on characterizing the films using diverse 

techniques tailored to the specific properties. 
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1.3  Introduction 

Nickel oxide is one of the most common transition metal oxides, with p-type 

semiconductivity and a large band gap ranging from 3.6 to 4.0 eV (Taşköprü et al., 2015). To 

acquire diverse properties and applications for NiO, researchers have undertaken the process of 

doping in NiO. The incorporation of impurity atoms into NiO has contributed to its extensive use 

in various technological applications in microelectronics and optoelectronics. Recently, lithium 

(Li) and other transition metal (TM)-doped NiO nanomaterials have garnered attention from 

several researchers. However, the nonlinear optical properties of thin films, which are 

particularly interesting as building blocks for optoelectronic applications, have not received 

attention in many papers on thin films containing Li-doped NiO (Gandhi et al., 2013; Shaaban et 

al., 2016). This work employed spray pyrolysis to develop nickel oxide thin films doped with 

lithium (Li). NiO nanoparticles made by spray pyrolysis were examined for their optical and 

structural characteristics. Additionally, UV-Vis spectroscopy is used to discuss a variety of linear 

and nonlinear optical characteristics. 

3.2 Fabrication of Nickel Oxide (NiO) Thin Films 

3.2.1 Setup of Spray Pyrolysis Technique 

Spray pyrolysis is an important technique in which a thin film is deposited on the 

substrate by spraying a precursor solution on a heated surface. A large amount of the work 

reported using this technique is concerned with semiconductors, metal and transparent 

conductive oxides (TCO’s) related to their electrical conductivity characteristics. In particular, in 

the case of TCO’s and their relevance for photovoltaic applications, a considerable amount of 

effort was set to optimize their optical transparency in the visible and electrical conductivity 

characteristics. This was the case for NiO. To obtain thin layers of NiO, we used the existing 

laboratory-scale SPT system (VTRS) at Echahid Hamma Lakhdar University - El Oued - as 

shown in Figure 3.1. Here's a general outline of how to set up an SPT system: 

 Substrate: Thin-film components are constructed upon this base. Thin films are usually 

deposited over a wide variety of substrates such as glass, concrete, or metal, which are 

examples of common solid substrates that the film can be deposited on. Glass slides 

measuring 75 x 25 x 1 mm³ are the substrates employed in our work since they are readily 

available, reasonably priced, and enable us to examine film characteristics, particularly optical 

ones. However, the glass has a thermal expansion coefficient similar to that of nickel oxide 
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(NiO), which lessens the surface stresses transferred to the produced film from the substrate's 

surface (Ghougali, 2019). 

 Spray Nozzle: It is the source that is utilized to spray the first solution, which is converted 

into tiny droplets known as aerosols by the nozzle. The substrates that have been warmed are 

exposed to these aerosols. 

 Precursor Solution: The chemical component required to form the thin film should be 

present in the original solution. The intended thin film determines how the solution forms. 

 Heating Source: A heat source to enable the sprayed precursor solution's thermal 

decomposition, such as an oven or hot plate. 

 Gas Source: A gas source to assist in spraying the solution. 

 Pressure Control System: To adjust the gas flow. 

 Temperature Controller: It is used to control and monitor the heating temperature. 

 Exhaust System: It is used to direct any by-product gases resulting from the pyrolysis 

reaction. 

 

 

Figure 3.1. Experimental setup of spray pyrolysis Technique. 
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3.2.2 Steps for Thin Film Deposition 

Thin film deposition is the sequence process of creating and depositing thin film coatings 

onto a substrate material.  

 Substrate Preparation: The glass substrates need to be cleaned and cleared of any debris, 

grease, and scratches before the deposition of pure and doped NiO thin layers. Preparing the 

substrates for deposit is crucial as it affects the adhesion, homogeneity, and uniformity of the 

deposited layers' thicknesses. 

 Preparation of Precursor Solution: The necessary chemical components are dissolved in an 

appropriate solvent to create the deposition solution, and the mix of this solution needs to 

match the material that is going to be deposited as thin films. 

 Spraying Process: First the appropriate distance must be determined between the sprayer and 

the glass substrate which is then heated to the desired temperature. After that, the spraying 

procedure may be started, allowing a thin coating of the intended material to remain on the 

substrate after the solvent in the precursor solution evaporates. 

 Film Growth: To get the optimum growth and quality of the intended film, keep spraying the 

solution. The starting concentration of the solution and the spraying period can also be used to 

adjust the film thickness. 

 Cooling and Annealing: To enhance the film quality, the substrate should be cooled and 

solidified at a particular temperature once film deposition is finished.  

 Characterization: Lastly, the prepared thin layer was examined and its physical and 

chemical characteristics were studied utilizing a variety of analysis techniques, including UV-

visible microscopy, X-ray diffraction, and other approaches. 

3.2.3 Experimental conditions (Deposition Parameters) 

For many years, spray pyrolysis has been a process used to produce thin films onto 

various substrates. The deposition rate is controlled by several spray parameters The spray 

parameters encompass the following: The type of substrate on which the thin films are to be 

deposited; the system and substrate temperatures; the distance between the atomizer and the 

substrate; the amount of initial solution; the duration of the deposition process; the volume and 

concentration of the solution; and the airflow (Ejaz et al., 2022).  

During this work, there are a set of conditions that we have set to obtain nickel oxide layers 

of good quality. These conditions are: 
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 The Substrate temperature: 420-500 °C. 

 The Quantity of the primary solution: 5 ml. 

 Pressure: 1-2 bar 

 Sprayer-Substrate distance: 15-25 cm. 

 The Deposit time: 15-20 min. 

3.2.4 Experimental Methodology 

3.2.4.1 Preparation of Solutions 

As we've seen previously, during the precursor solution preparation phase, which is the 

initial stage in the deposition of NiO thin films, some variables, including molarities, solvents, 

and precursors, can influence the quality of the obtained thin films. The major precursors for 

NiO thin film deposition include nickel chloride, nickel acetate, nickel nitrate, nickel hydroxide, 

nickel sulfate, and nickel formate. The three most popular and widely accessible precursors are 

nickel chloride, nickel nitrate, and nickel acetate (see Table 3.1). The pyrolytic decomposition 

for NiO film formation for a various precursor is provided by the following equations. 

 Nickel chloride precursors 

The pyrolytic decomposition for NiO film formation for a chloride precursor is given by 

the equation below (Kamal et al., 2005): 

           
    
→                                                 (3-1) 

 Nickel nitrate precursors 

The pyrolytic decomposition for NiO film formation for a nitrate precursor is given by 

the equation below (Juybari et al., 2011): 

  (   )       
    
→              

 

 
                           (3-2) 

 Nickel acetate precursors 

The reaction process is expressed as decomposition of nickel acetate to clusters of nickel 

oxide in the presence of water and air oxygen as given in the following equation (Mrabet et al., 

2016): 

  (      )       
    
→                                            (3-3) 
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Table 3.1. information of Nickel types (Zaouche, 2021). 

Molecule chemical 

formula 

Molar mass Density Solubility in 

water 

Nickel Chloride NiCl2 129.5994 

g/mol 

3.55 g/cm
3
 67.5 g/100 mL (25°C) 

Nickel Nitrate Ni(NO3)2 182.703 g/mol 2.05 g/cm
3
 243 g/100 mL (0 °C) 

Nickel Acetate C4H6NiO4 176.781 g/mol 1.798 g/cm
3
 Easily soluble in cold 

water, hot water 

 

In this work, a mixed solution was prepared as a NiO precursor by adding a known 

quantity of nickel (II) hexahydrate [Ni(NO3)2.6 H2O] (which had been weighed using an 

electronic scale) in a specific volume of double-distilled water (H2O). Subsequently, the solution 

underwent extensive agitation using a magnetic stirrer for thirty minutes until obtaining a 

uniform and transparent green solution. (as seen in Figure 3.2). Subsequently, the solution was 

applied onto a glass substrate heated to 480°C. The solution then becomes usable for the SPT. 

The mass of nickel (II) nitrate hexahydrate [Ni(NO3)2.6 H2O] is calculated using the 

expression (3-4), which yields the mass of nickel nitrate (g) as a function of the molar mass 

M(g/mol), the molar concentration C (mol/L) of nickel nitrate and the volume of double distilled 

water V(L). 

                                                                  (3-4) 

          

Figure 3.2. Steps to prepare the solution. 

•nickel nitrate [Ni 
(NO3)2.6H2O] 

•Sample weight •Mixing the 
solution 
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3.3 Films Characterization 

The films are made nearly identically, with few minor variations in the deposing settings. 

NiO thin films, both doped and undoped, were deposited on glass substrates. Then, the films 

were examined by different methods and devices, it has been reported and discussed below. 

3.3.1 Effect of Lithium doping NiO thin films 

The effects of Li doping on the optical and structural properties of NiO have been briefly 

studied (Gandhi et al., 2013; Ibrahim et al., 2013). Consequently, it is imperative to investigate 

the structural, linear, and nonlinear optical (NLO) characteristics of NiO thin films in detail. Li-

doped NiO thin films were prepared with SPT in this part. Thin films have been doped at certain 

atomic ratios to improve their physical properties. The consequences of this doping on the films' 

structural and optical characteristics have been investigated and are presented in the following. 

3.3.1.1 Preparation of samples 

In this investigation, and in order to precipitate NiO and Li-doped NiO thin films on glass 

substrates using nickel nitrate [Ni (NO3)2.6H2O], spray pyrolysis was employed. To obtain 0.5 

mol\L solution concentration, 0.025 M nickel nitrate was dissolved in 50 ml of distilled water to 

prepare the spray solution. Various concentrations of (CH3COOLi) precursor (1, 2, 3, and 5 at 

%) were used to prepare Li-doped NiO solutions. A uniform and green solution was obtained, 

and the combined solution was agitated for thirty minutes using a magnetic stirrer. Then comes 

deposition onto a glass layer that changes in temperature and is controlled by a digital controller 

to remain at 480°C. For optimal film uniformity, the solution was sprayed via a nozzle with a 

uniform flow while compressed air was held at a constant pressure. After deposition, the 

prepared samples are lastly allowed to settle to the proper temperature and complete the crystal 

growth process, which produces a film with fewer crystal flaws.  

3.3.1.2 Devices and measurements 

An essential part of thin film science and technology is the convenient characterization of 

the film properties, which extends from scientific study to quality control in industry. The 

properties of thin films often differ considerably from the properties of bulk materials of the 

same nominal composition.  An overview of thin film properties is presented in this chapter and 

the techniques available to characterize them. Two groups of properties are discussed: First, 

structural properties (thickness, topography, crystal structure, microstructure, chemical 
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composition) of pure and Li-doped NiO thin films, in the present work, the measurements were 

carried out using X-ray diffractometer (Philips X'pert pro-2-X). The diffractometer's radiation (λ 

= 0.15405 nm˚ /Cu Kα) and energy incidence (30 kV and 30 mA), the angle scanning (2θ) value 

was between (20 - 80
◦
). Second, optical properties (Absorbance, transmittance, reflectance, gab 

and Urbach energies, refractive index). The Shimadzu (UV-VIS Spectrophotometer) (Model 

1800) working with wavelength range 200-900 nm was used to examine the optical 

characteristics of the films that were obtained. Based on the optical data, various linear and 

nonlinear optical properties will be calculated and discussed. 

3.3.1.3 Results and discussions 

3.3.1.3.1 Structural properties 

The crystalline structure of the undoped and Li-doped Nio thin films was investigated 

using X-ray diffraction in the range of 2θ = 20° − 80°. Where Figure 3.3 displays the XRD 

results. Diffraction peaks were registered and compared to the (ICDD Card No. 00-047-1049) 

reference data file. It is worth noting that no peaks related to other crystalline phase (such as 

Ni2O3) are found in these spectra at the resolution limit of the apparatus, indicating that the 

structures of Li-doped NiO are not altered by the incorporation of lithium. Also, there are no 

peaks related to other phases such as lithium oxide in these XRD spectra which is probably 

related to low Li content. In addition to employing Bragg's law, the lattice constants were 

determined to be a=b=c= 4.1766 Å, 4.1821 Å, 4.1821 Å, 4.1829 Å, and 4.1839 Å for pure and 1, 

2, 3, and 5 at% Li samples. These values align closely with those reported in earlier reports 

(ICDD 00-047-1049). As a consequence, the belonging of the deposited thin film structure to the 

cubic crystal system was emphasized with the space group (Fm-3m). A noticeable increase in the 

lattice constant values was observed upon introducing Li doping into the host grid. This 

phenomenon can be attributed to the substitution of nickel (Ni
+
) ions with lithium (Li

+
) ions, 

seen to the verity that the ionic radius of Li
+
 (76 pm) is large compared to that of Ni

+
 (69 pm) 

(Shkir et al., 2020). Additionally, this study shows that in all the prepared thin films, there are 

two principal deviation peaks, the first emerged at 2θ = 37° corresponding to the (111) crystal 

plane, and a second peak at 2θ = 43° corresponding to the (200) crystal plane. It was clear that 

the doping level increases the intensity of the peaks. It was also noticed that the reflection peak 

at (200) is higher intensity than others, suggesting that thin film deposition and growth were 

occurring at this plane. These experiments have demonstrated that the degree of crystallization 

increases with increasing doping concentration. 
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Figure 3.3. XRD pattern of the undoped and Li-doped NiO thin films. 

Based on the above observations, it seems that the addition of Li doping has an 

insignificant impact on the NiO structure, except for the variations in peak intensity and full 

width at half-maximum (FWHM). Furthermore, there is a tiny variation in the apex location, 

which is predicted to be caused by the surface thickness, film composition, and grain boundaries, 

as all of these variables affect the experimental results (Shkir et al., 2020). The incorporation of 

Li in the NiO network causes an internal micro-strain and microstructural disorder, exposing the 

XRD diffraction peaks and lowering the grain growth (Shkir et al., 2020; Shaaban et al., 2016). 

Utilizing the XRD data, other various parameters such as lattice strain, crystallite size, and 

dislocation density can be calculated using respectively the following formulas (El-Bana et al., 

2017; Shkir et al., 2017; Alfaify and Shkir, 2019): 

  
    

    ( )
                                                                   (3-5)                         

  
     

 
 

 (3-6) 

  
 

  
 

(3-7) 

Here β is (FWHM), λ is X-ray wavelength and θ denotes the Bragg angle.  
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All the parameters are registered in Table 3.2. An increase in the size of the crystallites in 

the NiO lattice has been observed at Li doping concentrations of 1 at% and 2 at%. This verity 

suggests that crystallization is improved, which may be explained by the fact that Li
+
 is slightly 

larger and has a lower charge than Ni
2+

 (Bhatt et al., 2020). In the films prepared under these 

conditions, we also observed a significant decrease in lattice strain and dislocation density. For 

thin films fabricated with 3 at% and 5 at% Li contents as dopants. It should be noted that the 

average D value decreases as the sample's micro strain increases. This suggests that there are 

more defects and dislocations in the deposited films (Shkir et al., 2020; Shaaban et al., 2016). 

Table 3.2. Structure parameters for undoped and doped prepared samples. 

V (Å)
3
 A (Å) Dislocation 

density, δ 

(×10
-4

 

nm
−2

) 

Lattice 

strain, ε 

(×10
-4

) 

Crystallite 

size 

D (nm) 

FWHM hkl 2θ (
o
) Sample 

(doping %) 

72.882 4.1771 - - - - 0 0 2 43.246 ICDD 00-

047-1049 

72.857 4.1766 2.037 4.947 70.061 0.122 0 0 2 43.306 Pure NiO 

73.146 4.1821 1.748 4.583 75.626 0.113 0 0 2 43.249 1 % Li–NiO 

73.146 4.1821 1.810 4.664 74.309 0.115 0 0 2 43.244 2 % Li–NiO 

73.190 4.1829 2.422 5.395 64.247 0.133 0 0 2 43.219 3 % Li–NiO 

73.243 4.1839 2.570 5.575 62.372 0.137 0 0 2 43.223 5 % Li–NiO 

Figure 3.4 illustrates the unfavorable impact of crystalline defects, including strains and 

dislocations, on the average crystallite size at different Li doping concentrations. A noticeable 

correlation exists between alterations in mean strain and dislocation. Both have a detrimental 

effect on the crystallization of the prepared thin films. 
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Figure 3.4. Correlation among crystallite size, lattice strain, and dislocation density in Li:NiO films 

with  Li content. 
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3.3.1.3.2 Linear Optical Properties 

a) Absorbance, transmittance and reflectance analyses 

As is well known, exploration of optical properties, such as absorbance, transmission and 

reflectance is essential for optoelectronic materials. Figure 3.5 shows the transmittance spectra of 

the elaborated NiO thin films undoped and doped with Lithium. The transmittance spectrum of 

the films shows an important value ranging from 60% to 80% depending upon the doping 

concentration in the visible region. The average optical transmittance in the visible region found 

its value in the range of 80% for pure NiO, then decreases gradually for samples of Li-doping 

NiO to reach 60% for NiO doped with 2at% and then increases for the sample with 5at %, which 

exhibits better transparency. Several previous studies have shown this behavior (Ibrahim et al., 

2013; Liu et al., 2011). In addition to the crystalline structure and sample thickness, which both 

significantly alter the optical transmittance, other parameters that may affect the transmittance of 

the doped thin layer include flaws resulting from sample preparation. The reduced transparency 

may be attributed to the surface defects and structural factors already mentioned previously in 

the structural study and included in Table 3.2, or may be attributed, to the increased scattering of 

photons by an increase in roughness of surface morphology (Shkir et al., 2020). While the large 

increase in transmission for 5 at% Li:NiO thin film may be resulted from the impact of micro 

strain, the reduction in crystallite size (Table 3.2), and the excitation of plasma on the films 

(Yang et al., 2016). 
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Figure 3.5. The optical transmittance of pure and Li-doped NiO thin films. 
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In visible and near-infrared regions, all films exhibit excellent optical transparency or 

very little absorption and reflection. It is evident that when the concentration of Li doping level 

increases, the permeability falls, whereas Figure 3.6 shows that the reflectivity and absorption 

exhibit the opposite behavior of optical transmittance (Ibrahim et al., 2013; Liu et al., 2011). 

Regarding the absorption of the thin NiO films in the UV, as shown by the statement in Fig. 3.6 

(a-b), it is associated with the absorption of the optical bandgap in the NiO, as the absorption was 

roughly in the wavelength range of 350–400 nm. Doping Li with level ranging from 0 to 3 at% 

results in an increase in absorption, which declines at 5 at%. 

(a) (b) 

300 400 500 600 700 800 900
0.0

0.1

0.2

0.3

0.4

0.5

A
b

s
 (

%
)

Wavelength (nm) 

 Undoped

 NiO:Li 1 at%

 NiO:Li 2 at%

 NiO:Li 3 at%

 NiO:Li 5 at%

 

300 400 500 600 700 800 900
0

10

20

30

40

50

60

70

80

90

100

R
e
fl

e
c
ta

n
c
e
 (

R
) 

%

Wavelength (nm) 

 Undoped

 NiO:Li 1 at%

 NiO:Li 2 at%

 NiO:Li 3 at%

 NiO:Li 5 at%

 

Figure 3.6. (a) The absorption spectra of the undoped and Li-doped NiO thin films, (b) The 

reflectance spectra of the undoped and Li-doped NiO thin films. 

b) Optical bandgap and Urbach energy analysis 

The band gap energy of a semiconductor describes the energy needed to excite an 

electron from the valence band to the conduction band. Thin films band gap’s is a fundamental 

property that characterizes the component material for many optoelectronic applications. The 

optical band gap of undoped and doped NiO thin films can be estimated from the plot of (αhv)
2
 

as a function of photon energy (hv). According to Tauc’s relation for direct bang gap 

semiconductor as we have seen previously (Shkir et al., 2018). 

The optical band gap (Eg) for pure and doped NiO films values were determined by 

extrapolating the straight-line portion, of the plot (αhv)
2
 versus (hv) to the energy axis (αhv)

2
 = 0 

(where α is the absorption coefficient and hv is the photon energy) as illustrated in Figure 3.7. 

The linearity of the graph suggests the presence of the direct allowed transitions. The obtained 
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band gap values for pure NiO films and NiO doped with various lithium percentages are 

summarized in Table 3.3. 

 

 

 

 

 

 

 

 

Figure 3.7. Plot of (αhν)
2
 versus incident photon energy (hv) of undoped and Li-doped NiO thin 

films with different lithium percentages. 

Table 3.3. Optical gap values of Li doped NiO thin films. 

Sample Eg (eV) 

Pure NiO 3.59 

1% Li–NiO 3.46 

2% Li–NiO 3.38 

3% Li–NiO 3.56 

5% Li–NiO 3.66 

 

As can be seen from the Table 3.3, the direct bandgap values of the deposited films were 

determined, and were fond to be in the range of 3.38 - 3.66 eV, as recorded in Table 3.3. These 

values clearly suggest a reduction in the bandgap value for Li-doped NiO films at 1% and 2%. 

This decrease is anticipated due to the larger crystallite size, compared with Li-doped NiO films 

at 3% and 5%, where a decline in crystallite size was noted, resulting in an augmentation of the 

bandgap. The variation in the bandgap is also affected by the number of charge carriers, 

disturbances, and defects (Table 3.2) (El Radaf et al., 2019). Furthermore, reducing the bandgap 
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might result in raising the Urbach energy. To this end, Urbach energy (Eu) has been derived   

using Urbach's empirical formula (Igweoko et al., 2018): 

        (
  

  
)                                                          (3-8)   

Where hv is photon energy, α represents the experimentally deduced from optical 

absorption profile, α0 is a characteristic constant of matter, and (Eu) is the band tail width 

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

network. Graphical representation of the function Ln(α) as a function of (hν) (Fig. 3.8) is used to 

calculate Eu values, and Table 3.4 presents the obtained values, these values are calculated from 

the inverse slope of the linear plot of ln(α) versus (hv). Figure 3.9 displays the bandgap and 

Urbach energy variations as a function of lithium doping concentration. The bandgap and 

Urbach energy have been demonstrated to be inversely related (El Radaf et al., 2019). This 

behavior indicates that the obtained optical band gaps are governed essentially by the disorder 

variations in such films. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Plot of Ln(α) versus (hν) of undoped and Li-doped NiO thin films with different lithium 

percentages. 

Table 3.4. Estimated values of Urbach energy and optical bandgap. 

Sample Eu (ev) Eg (ev) 

Pure NiO 0.22 3.59 

1% Li–NiO 0.23 3.46 

2% Li–NiO 0.24 3.38 

3% Li–NiO 0.19 3.56 

5% Li–NiO 0.18 3.66 
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Figure 3.9. Variations of the Optical band gap (Eg) and Urbach energy (Eu)  with Li content. 

c) Refractive index and extinction coefficient analyses 

Refractive index (n) and extinction coefficient (k) are two optical parameters of 

importance that were measured to obtain much better information and insight on the polarization 

and structural changes in the produced films as a result of doping (Shkir et al., 2018). The 

extinction coefficient k expresses the attenuation of light in the medium and is a key factor in 

determining several/many optical parameters, such as light absorption and dielectric constants in 

a medium. The equation used to calculate the extinction coefficient (k) for pure and Li-doped 

NiO films using the wavelength and absorption coefficient values as below (El Radaf et al., 

2019): 

                                                                       (3-9) 

The relationship that exists between extinction (K) and reflection (R) was also used to 

calculate the refractive index (n) (El Radaf et al., 2019). 

  
(   )

(   )
 √

  

(   ) 
                                                    (3-10) 

Figure 3.10, exhibits the plots of variation of (a) extinction coefficient (k) and (b) 

refractive index (n) as function of the wavelength. Both curves indicate a similar behavior. It is 

observed in Figure 3.10a that the extinction coefficient (K) value decreases with wavelength 

increasing and increases with concentration (1, 2, and 3 at%) of the Li doping content. The 

values of k range between approximately 0.11 and 0.01, illustrating the impact of Li doping on 
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NiO thin films. The lower values of (k) show the absence of significant flaws on the surface of 

the thin film. Because this type of quality permits the production of less faulty films, it may be 

widely used in energy devices like solar cells and photovoltaic systems (Taşköprü et al., 2016). It 

is observed in Figure 3.10b that the refractive index (n) increased when adding lithium doping 

and decreased when the wavelength raised, which represents a normal dispersion . A higher 

refractive index is achieved with a 2 at%  Li content in the NiO thin film. This is attributed to the 

increased polarization of lithium atoms within the host lattice matrix of NiO. A similar outcome 

was also reported by Shaaban et al. in Co-doped ZnO thin films (Shaaban et al., 2016). 
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Figure 3.10. Variation of (a) extinction coefficient and (b) refractive index for undoped and Li-

doped NiO films. 

3.3.1.3.3 Dielectric studies 

Any material's thin film electron excitation spectrum may be explained by the real (ε1) 

and imaginary (ε2) components of the optical dielectric constant. The complex dielectric 

constant, (ε = ε1 + ε2), was used to calculate these constants. The reduction in light speed and 

absorption of energy from the electric field owing to the dipole motion of particles in a material 

is represented by (ε1) and (ε2) (Usha et al., 2013). The relations listed below were utilized to 

compute the aforementioned parameters (Kim et al., 2012): 

     
                                                                  (3-11) 

                                                                 (3-12) 
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Figure 3.11(a-b), displays the variation of ε1 and ε2 as a function of Li: NiO thin film 

concentrations. This graph demonstrates that these parameters ε1 and ε2 behave like (n) and (k). 

They have larger values at shorter wavelengths and are constant at longer wavelengths. As a 

result, it is possible to consider this good optical response to films (Usha et al., 2013). We 

observe that when the doping ratio increases, the dielectric constant of the produced films 

increases, demonstrating the effect of Li in pure NiO. 
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Figure 3.11. (a) and (b) Variations in ε1 and ε2, respectively, of NiO thin films as a 

function of wavelength. 
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3.3.1.3.4 Refractive index dispersion analyses 

The collected refractive index data can be analyzed using the Wemple-DiDomenico 

single oscillator model which describes the dielectric response for transitions below the optical 

gap. In this model, the refractive index varies with incident photon energy, according to (Caglar 

et al., 2007; Borah and Mostako, 2020): 

  (  )    
    

(  
  (  ) )

                                            (3-13) 

The WDD model provides a physical interpretation of the sample through the constants 

E0 and Ed. Here, hϑ is the incident photon energy, E0 represents the average bandgap parameter, 

also known as the single oscillator energy, while Ed is the dispersion energy which is a measure 

of the strength of inter-band optical transitions. The plotting of (n
2
-1)

-1
 versus (hν)

2 
(Fig. 3.12) 

permits us to determine these oscillator parameters. by that means, the values of E0 and Ed were 

calculated from the slope of the linear relation corresponds to (E0Ed)
-1

, and the intersection with 

the vertical axis represents (E0/Ed). Additionally, the static refractive index "n0" and the bandgap 

of Wemple-DiDomenico were determined using the following relationships (El Radaf et al., 

2019): 

   √  
  

  
                                                       (3-14) 

  
   

 
  

 
                                                          (3-15) 

The acquired values of Eg, Ed, E0, n0, Eg
wmp

 (measured from wimple), and the E0/Eg ratio 

of the films are shown in Table 3.5. These findings indicate that the values of the dispersion 

coefficients Eg, Ed, E0 and n0 reduced proportionally when the concentration of lithium in the 

NiO films increased. This might be because of variations in the ionicity bonds. 

Moreover, it is found that the values of dispersive energy are lower than those attained 

for the undoped film. This behavior can be explained by the change in the type and number of 

chemical bonds and their bonding energy caused by the doping Li ions incorporation in the host 

lattice.  

In addition to the dependence of the Ed parameter with Li concentration, the value of the 

single oscillator energy E0 of the films, representing the average energy gap as reported in 

various sources, is closely correlated with the optical energy gap through an empirical formula: 
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E0 ≈ 1.3Eg. This result aligns with the relationship attained by the single oscillator model (E0 ≈ 

1.4Eg) (Caglar et al., 2007; Borah and Mostako, 2020). 

Using the dispersion energy Ed and the oscillator energy E0, the optical spectra moments 

M-1 and  M-3 for both undoped and Li-doped NiO films are calculated using the following 

equations (El Radaf et al., 2019): 

    
  

  
                                        

   

  
                              (3-16) 

The moment values of the films have been calculated and presented in Table 3.5. From 

this Table, we observe that the moments of the optical spectra M-1 and M-3 increase 

progressively with Li doping concentrations of (1 and 2 at%). But they decrease when the Li 

percentages added are (3 and 5 at%). 

Table 3.5. Parameters of a single oscillator applicable to all Li-doped NiO films. 

Li  at% Ed 

(ev) 

E0 

(ev) 

n0 M-1 

 

M-3 

(ev
-2

) 

Eg
wmp 

E0/Eg 

0 207.07 4.599 6.784 45.026 2.128 2.299 1.28 

1 202.86 4.286 6.951 47.325 2.575 2.143 1.24 

2 348.12 4.693 8.670 74.178 3.368 2.346 1.39 

3 182.84 4.143 6.718 44.132 2.571 2.071 1.17 

5 124.5 4.295 5.476 28.987 1.571 2.147 1.11 

2 4 6 8 10 12 14
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Figure 3.12. Variation of (n
2
-1)

-1
 versus (hν)

2
 for all Li-doped and undoped NiO films. 
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3.3.1.3.5 Nonlinear Optical Properties 

Materials exhibit nonlinear optical properties caused by variation of induced electronic 

polarization with the applied electric field. In the optoelectronic systems domain, the nonlinear 

optical parameters have attracted significant attention. This nonlinear optical behavior of a 

material is reflected in its changes in optical reflectivity, absorption, refractive index, etc., with 

incident light intensity. The two main parameters that characterize the nonlinear properties of the 

studied material are the nonlinear refractive index (n2) and the third-order nonlinear 

susceptibility (χ
3
). The nonlinear response of the material's polarization to the electric field can 

be explained in terms of the third-order nonlinear susceptibility. On the other hand, the nonlinear 

refractive index provides a disproportionate response for the material subjected to an electric 

field (Shkir et al., 2018; El Radaf et al., 2019). To comprehend the nonlinear behavior of the 

manufactured thin films and observe the impact of Li doping, we have computed the 

aforementioned parameters. 

 Linear susceptibility χ
(1)

 

Linear Susceptibility (χ
(1)

) is associated with the susceptibility of electrons as they move 

in response to the propagation of light through a medium, referred to as the dipole moment. The 

electrons within the molecular structure of an atom oscillate in reaction to an oscillating electric 

field. When a molecule experiences a linear restoring force concerning its electrons around the 

nucleus, the response will exhibit linearity. In mathematical terms, susceptibility is considered to 

have both real and imaginary components. The complex dielectric is defined as         , 

where     
      and        are the real and imaginary parts respectively. While the 

imaginary component of susceptibility is linked to the absorption of the medium, the real 

component of susceptibility determines the optical propagation velocity in the medium. The 

refractive index is closely tied to linear susceptibility and can be calculated using the following 

equation (Noblet and Humbert, 2019; Abdel-Galil et al., 2020): 

 ( )  (    )   ⁄                                                   (3-17) 

Figure 3.13 depicts the (χ
1
) graph as a function of energy. Analysis of this graph reveals a 

consistent trend among all samples, wherein the χ
1
 value increases with rising incident photon 

energy, ultimately reaching saturation at a specific wavelength. Furthermore, these sensitivities 

exhibit an augmentation with higher concentrations of Li doping. The observed χ
1
 values fell 

within the range of 4 to 25 esu. In comparison to previously published results on other thin films, 

https://www.sciencedirect.com/topics/engineering/applied-electric-field
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the measured linear optical parameter is rather high, suggesting that Li is significantly 

influencing NiO and being beneficial for a variety of optical device applications (Alfaify and 

Shkir, 2019).  
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Figure 3.13. Variation of Linear Susceptibility versus photon energy of all Li: NiO films. 

 Third-order nonlinear optical susceptibility χ
(3)

 

Media with optical nonlinearity are defined by a non-linear reaction of the medium to the 

electric field. Nonlinear optical (NLO) interactions in crystals involving third-order susceptibility 

χ
(3)

 are extensively studied and practically valuable due to their relevance to various optical 

systems and optical information processing. Third-order susceptibility plays a vital role in 

photonics as it manifests a wide range of phenomena related to switching. Utilizing the formula 

for linear susceptibility (χ
1
), the determination of nonlinear susceptibility (χ

3
) can be achieved 

through the following relationship (Shkir et al., 2018): 

    [ ( )]
 
                                                   (3-18) 

The constant A is mentioned in various references as 1.7 × 10
-10

 esu.  

The nonlinear susceptibility of NiO nanoparticles is illustrated in Figure 3.14. It is 

observed that χ
3
 starts to rise from 5 × 10

−7
 to 7 × 10

−6
 esu, with an increase in photon energy 

from 1.5 eV to 3.6 eV. The fluctuation of third-order nonlinear optical susceptibility values for 

NiO films deposited with various concentrations of Li (1, 2, 3, and 5 at%) concerning the 
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incoming beam is shown in Figure 3.14. A greater nonlinear susceptibility is achieved with a 2% 

Li content in the NiO thin film. This can be attributed to the increased polarization of Li atoms 

within the host lattice matrix of NiO. It is demonstrated that an increase in Li doping 

concentration results in a corresponding enhancement of the third-order susceptibility. According 

to the analyses, Li-doped NiO films may be technologically essential for laser systems and 

shorter pulse production (Chtouki et al., 2021). 
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Figure 3.14. Variation of Nonlinear Susceptibility versus energy (hν) of all Li: NiO films. 

 Nonlinear refractive index n2  

A feature of a substance that explains how it reacts at high-intensity light is called the 

nonlinear refractive index, or (n2). It measures the variation in the material's refractive index 

caused by the intensity of the incoming light. To comprehend the nonlinear optical behavior of 

materials, one important metric to know is the nonlinear refractive index. The relationship below 

may be used to compute the nonlinear refractive index (n2) (Shkir et al., 2021; El Radaf et al., 

2019): 

   
     

 
                                                         (3-19) 

Figure 3.15 displays the plots the variation of the nonlinear refractive index (n2) versus 

the photon energy. The nonlinear refractive index values were first discovered to be constant, but 

when the photon energy roses, they grew as well and eventually became saturated at a certain 
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wavelength. This kind of change might be brought about by light interactions that result in high 

polarization within that specific wavelength band. The values of (n2) were obtained and analyzed 

based on the doping concentration, fluctuating between 6.5 × 10
−6

 esu and 4 × 10
−4

 esu. It was 

observed that these values increased proportionally with Li doping and exhibited a strong 

correlation with other properties. 

  

 

  

 

 

 

  

 

Figure 3.15. Plots of Nonlinear refractive index versus energy (hν) for all Li:NiO films. 

3.4 Conclusion 

This chapter examined the effect of different concentrations of lithium (Li) on the 

structural and optical properties of nickel oxide (NiO) thin films generated by spray pyrolysis 

technology. XRD analysis discloses a polycrystalline cubic structure in the films, primarily 

growing along the (200) planes. The increase in Li concentration results in a reduction in crystal 

size but an enhancement in lattice strain, indicating the presence of lattice defects. Optical 

evaluations, conducted through absorbance and transmittance tests, showcase transmittance 

levels ranging from 60% to 80% over the 200-900 nm wavelength spectrum. The direct bandgap 

(Eg) values span from 3.66 to 3.38 eV. Parameters such as n, k, and dielectric constants exhibit a 

consistent increasing pattern with the addition of Li. The elevation in refractive index is 

attributed to the integration of lithium into the NiO lattice. Furthermore, the assessment includes 

the computation of oscillator parameters and refractive index dispersion using the Wemple 

DiDomenico (WDD) model. Non-linear studies reveal enhancements in χ
3
 and n2 values with Li 

doping, making them suitable for optoelectronic applications. 
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4.1 Introduction 

Doping is a basic method for manipulating semiconductor characteristics and creating 

new, multipurpose technological materials. Many experiments have recently been conducted to 

dope NiO thin films with different elements in order to change their characteristics (Amor et al., 

2014). In this work, we have used one of the transition metal elements, calcium (Ca), as a dopant 

to adjust the optical and structural characteristics of NiO thin films produced using the spray 

pyrolysis technique. To our knowledge, only limited investigations are available on the synthesis 

of NiO thin films doped with calcium through the spray method, specifically for optoelectronic 

applications. Therefore, in this study, we describe how to create and characterize Ca-doped NiO 

thin films using spray pyrolysis on tiny glass substrates at varying doping concentrations. The 

impact of calcium (Ca) doping on the structural, morphological, as well as linear and nonlinear 

optical properties of NiO thin films is examined and discussed. 

4.2 Fabrication and characterization details 

The precursor for preparing pure NiO and Ca:NiO thin films was nickel nitrate 

(Ni(NO3)2.6H2O), the dopant source was calcium nitrate tetrahydrate (Ca(NO3)2.4 H2O), and the 

solvent was distilled water. Using the spray pyrolysis method, pure NiO and Ca:NiO thin films 

were formed on a glass substrate. Separately, Ni(NO3)2.6H2O and Ca(NO3)2.4H2O were 

dissolved in distilled water at a concentration of 0.1 M. In order to achieve different doping 

concentrations of Ca (0%, 1%, 2%, 4%, and 8%), the two starting solutions were mixed in the 

appropriate volumetric ratios to create the final desired solutions. The solution combinations 

underwent rigorous stirring for thirty minutes using a magnetic stirrer, resulting in the production 

of a uniform and transparent green solution. Pure NiO and Ca:NiO were formed by maintaining 

a constant temperature of 480ºC for the glass substrate during the film deposition process. The 

optimized conditions were determined with the following parameters: the deposit duration (20 

min), the carrier gas pressure (1 bar), and the spray nozzle-substrate distance (15 cm), all of 

which were maintained consistently for each concentration. 

X-ray diffraction (XRD; PROTO AXRD Benchtop) using CuKα radiation (λ=1.54056Å) 

operating at 30 keV and 20 mA was used to examine the crystal structures of the doped and 

undoped thin films. The morphological characteristics of the samples were analyzed with SEM-

EDX microscopes (Zeiss Smart EDX) under a power supply of 20 kV. A Shimadzu UV-VIS 

spectrophotometer (Model 1800) within the wavelength range of 200-900 nm was used to 
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perform optical measurements. There will be calculations and discussions of different linear and 

nonlinear optical characteristics using the measured optical data. 

4.3 Results and discussions 

4.3.1 Structural properties 

The structural characteristics of NiO thin films formed at 480 °C on glass substrates were 

examined using XRD analysis. The XRD patterns of NiO thin films with various calcium 

percentages are displayed in Figure 4.1. Prominent diffraction peaks of the NiO thin films are 

detected corresponding to the (111), (200), and (220) planes, aligning with the ICDD file (ICDD 

00-047-1049). According to the XRD examination, the Ca-doped NiO thin films had a high 

purity phase with an FCC cubic structure as no other unwanted peaks were observed at any 

concentration. The peak at (111) exhibits the highest intensity, suggesting that the (111) growth 

orientation is the preferred one. Furthermore, it is evident from the obtained X-ray pattern that 

both pure and doped NiO exhibit a polycrystalline nature, with peak broadening being a 

characteristic of nanoparticle formation. 
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Figure 4.1. XRD pattern of Ca-doped NiO thin films. 

Furthermore, as Ca-doped NiO thin films crystallizes in a cubic form, the interplanar 

spacing dhkl values are estimated using the Bragg equation (Amor et al., 2014): 

                                                                    (4-1) 
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Similarly, employing the relationship of dhkl for the cubic system and incorporating 

Miller indices for the crystalline plane (111), we derived the suitable lattice constant 'a' using the 

following relation (Amor et al., 2014): 

 

  
 
        

  
                                                               (4-2) 

Table 4.1 lists the computed values for dhkl, FWHM and lattice constant (a) for Ca: NiO 

thin films made with different Ca concentrations. It is discovered that the lattice parameters for 

pure, 1, 2, 4 and 8 at% Ca-doped NiO thin films, as determined by the aforementioned equation, 

closely correspond with earlier findings (ICDD 00-047-1049). As can be seen in the Table 4.1, 

the estimated lattice parameters show that its value is comparatively higher than for pure film. 

This may be explained by the fact that the NiO lattice expands as a result of the large ionic radii 

of Ca
2+ 

(0.99 Å) entering in substitution in the NiO lattice. The literature also reports similar 

behavours (Yang et al., 2011; Moghe et al., 2012). 

Table 4.1. Structure parameters of undoped and Ca-doped NiO thin films. 

V (Å)
3
 a (Å) FWHM dhkl (Å) hkl 2θ (

o
) Sample (doping %) 

0089.77 087097 - 08070 7 7 7 708070 ICDD 00-047-1049 

72.3931 4.1677 0.266 2.401 7 7 7 37.443 Pure NiO 

72.8110 4.1757 0.590 2.410 7 7 7 708770 1 % Ca–NiO 

71.6929 4.1542 0.590 2.40 7 7 7 708079 2 % Ca–NiO 

72.5373 4.1704 0.295 2.408 7 7 7 708777 4 % Ca–NiO 

72.5191 4.1701 0.393 2.408 7 7 7 37.334 8 % Ca–NiO 

Conversely, we have utilized the following relations to compute the crystallite size (D), 

lattice strain (ε), and dislocation density (δ) that represent the crystal structure of the films under 

study (Derbali et al., 2018): 

  
    

    ( )
                                                                   (4-3)                         

  
     

 
 

 (4-4) 

  
 

  
 

(4-5) 
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Where λ is the wavelength, β is the FWHM and θ is the angle of diffraction peaks. Table 

4.2 contains a summary of all of the parameters described previously. Figure 4.2, shows the 

variation of these structural parameters as a function of Ca doping concentrations. Figure 4.2 

demonstrates that as the Ca doping level increases moderately, lattice strain and dislocation 

density rise while grain size decreases. This is attributed to the incorporation of Ca into NiO 

through the formation of Ni–O–Ca bonds on the surface of small particles. This hinders the 

mobility of surface Ni atoms and the coarsening of particles by limiting direct contact between 

neighboring crystallites. Consequently, this prevents the agglomeration of NiO nanoparticles, 

thereby inhibiting their growth (El Radaf et al., 2019). 

Table 4.2. Values of  D, ε and δ for the (111) plane of NiO films in relation to the concentration of 

calcium. 

Sample (doping 

%) 

Crystallite size 

D (nm) 

Lattice strain, ε 

(×10
-3

) 

Dislocation density, δ 

(×10
-3

 nm
-2

) 

Pure NiO 31.5342 1.0992 1.0056 

1 % Ca–NiO 14.2116 2.4390 4.9512 

2 % Ca–NiO 14.2182 2.4379 4.9466 

4 % Ca–NiO 28.4252 1.2194 1.2376 

8 % Ca–NiO 21.3369 1.6245 2.1965 
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Figure 4.2 Correlation between crystallite size, lattice strain, and dislocation density in Ca:NiO 

films concerning Ca concentration.  
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4.3.2 EDX/SEM map analyses 

The EDX technique is used analyzes the elemental composition of the grown thin films 

by detecting characteristic X-rays emitted when bombarded with high-energy X-rays. The EDX 

spectrum for Ca-doped NiO thin films are depicted in Figure 4.3. The findings revealed the 

presence of all anticipated elements (Ni, Ca, O) in the sample during preparation. The other 

peaks in the spectra are caused by the presence of glass substrate, which has also been reported 

earlier (Erdoğan et al., 2016; Adeoye et al., 2015). Furthermore, it is noted that the quantity of 

Ca rises proportionally with each concentration ratio, as indicated by EDX results table data in 

the inset of Figure 4.3 and are consistent with the measured spectrum. 

 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

28 Ni Nickel 29.43 57.33 

8 O Oxygen 57.61 30.59 

14 Si Silicon 12.96 12.08 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

28 Ni Nickel 41.25 70.45 

8 O Oxygen 53.22 24.77 

14 Si Silicon 4.79 3.91 

20 Ca Calcium 0.74 0.86 

      

0% Ca 

1% Ca 
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Figure 4.3. EDX spectra of pure and 1, 2, 4 & 8% Ca doped NiO thin films respectively 

The SEM results enable us to characterize the diverse morphological features of NiO thin 

films, both for pure and doped with varying concentrations of Ca. Figure 4.4 demonstrates that 

the film samples had spherical or oval-shaped grains. In doped films, clusters of unevenly sized 

grains are evident. Furthermore, it is evident that when the dopant concentration rises, the form 

of clusters becomes more pronounced (Figure 4.4e) (Bhatt et al., 2020). 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

28 Ni Nickel 29.64 57.30 

8 O Oxygen 57.64 30.37 

14 Si Silicon 11.29 10.44 

20 Ca Calcium 1.44 1.89 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

28 Ni Nickel 18.83 41.30 

8 O Oxygen 60.81 36.36 

14 Si Silicon 18.20 19.10 

20 Ca Calcium 2.17 3.25 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

8 O Oxygen 67.34 47.32 

14 Si Silicon 22.01 27.16 

28 Ni Nickel 8.29 21.37 

20 Ca Calcium 2.36 4.15 

 

2% Ca 

8% Ca 

4% Ca 
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Figure 4.4 SEM micrographs of (a) 0% Ca (b) 1 % Ca(c) 2 % Ca (d) 4 % Ca and (e) 8 % 

Ca doped NiO thin films 

4.3.3 Linear Optical Properties 

UV-visible spectra were collected with an M1800 spectrophotometer. Figure 4.5 depicts 

the optical transmittance of pure NiO and Ca:NiO thin films. The spectral transmission 

measurements reveal that Ca doping alters the transparency of NiO films. All thin film 

transmittance rises with wavelength in the 310–400 nm region and then gradually increases at 

higher wavelengths. The transmittance range depicted by the spectrum falls within 30-65%, 

exhibiting a relatively modest level. The morphology, crystal structure, film thickness, and 

a b 

c d 

e 
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defects created during thin film deposition are known to affect the optical transmittance of doped 

thin films (Sun et al., 2001). A comparative examination of all films demonstrated that the 

optical transparency reached its peak at approximately 60% for the film containing 8% Ca:NiO 

(refer to Fig. 4.5). Defects like microstrain, formed during thin film deposition, contribute to a 

decrease in film transparency. Specifically, in comparison to the 8% doping scenario, higher 

levels of microstrain are associated with reduced transparency in films doped at 1% and 2%. 

This observation suggests that films with higher Ca content exhibit superior transparency 

compared to those with lower Ca content. Furthermore, Figures 4.6 and 4.7 depict the 

absorbance and reflectance spectra of NiO thin films in their pure and Ca-doped forms, 

respectively, recorded across the range of 200 to 900 nm. As observed, the transmittance 

increased with the rise in the concentration of Ca doping, whereas absorption and reflection 

exhibited contrasting trends. The absorption characteristics of Ca-doped NiO thin films, depicted 

in Figure 4.6, are discernible in the UV region, aligning with the optical band gap absorption of 

NiO. Notably, there is a tendency for absorption to diminish with higher levels of Ca doping, as 

illustrated in Figure 4.6 (Sun et al., 2001; Ghougali, 2019). 
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Figure 4.5. Transmittance spectra for all Ca: NiO films. 
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Figure 4.6. Absorbance spectra for all Ca: NiO films. 
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Figure 4.7. Reflectance spectra for all Ca: NiO films. 

 Exploring the band gap of thin films is crucial for understanding their potential in 

optoelectronic applications. Consequently, Tauc's equation was employed to investigate the band 

gap of our grown films (Mehta et al., 2009; Derbali et al., 2018): 

     (     )
   

                                                           (4-6) 

 In this equation, α represents the absorption coefficient, A is a constant, Eg is the optical 

band gap and hv is photon energy8 



Exploring Calcium Doping Effects on NiO Thin Films  Chapter 4

 

 
113 

The optical band gap is determined by extrapolating the linear portion of the curve to 

(αhυ)
0
=0. The variation of the (αhυ)

0
 curve and the extrapolation of its linear part of as a 

function of hυ are illustrated in Figure 4.8. The extracted band gap values, presented in Table 

4.3, demonstrate a decrease from 3.43 to 3.30 eV with the rise in Ca doping content from 0 to 8 

at%. This decline in the band gap could be attributed to several factors, including the reduction 

in grain size, the augmentation of disorders and defects, and an increase in the number of charge 

carriers. Analogous reductions in band gap have been documented in NiO films doped with Al, 

Co, Li, and Cu (Taşköprü et al., 2015; Moghe et al., 2012; Shkir et al., 2018).  
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Figure 4.8. Direct band gap estimation for all Ca:NiO films. 



Exploring Calcium Doping Effects on NiO Thin Films  Chapter 4

 

 
114 

Table 4.3. Estimated values of Urbach energy and optical bandgap. 

Sample (doping %) Eg (eV) Eu (ev) 

Pure NiO 3.43 0.142 

1 % Ca–NiO 3.40 0.147 

2 % Ca–NiO 3.30 0.208 

4 % Ca–NiO 3.41 0.166 

8 % Ca–NiO 3.39 0.263 

Additionally, the band gap may reduce as a result of the expansion of band tails of 

Urbach energy (Eu)  within the gap. The energy Eu was estimated using the Urbach's empirical 

relation (Urbach, 1953): 

        (
  

  
)                                                              (4- 7) 

where α0 is a constant and Eu  represents the Urbach energy, quantifying the width of the band 

tail associated with localized states within the optical energy gap. The Urbach energy for the 

studied films can be determined by creating a linear graph between ln(α) and hν, as demonstrated 

in Figure 4.9. Values for Eu were computed and presented in Table 4.3. It was observed that the 

Urbach energies increased with the addition of calcium content, providing further confirmation 

of the reduction in the bandgap. The acquired values of the band gap and Urbach energy were 

plotted as a function of calcium doping concentration, as shown in Figure 4.10 (El Radaf et al., 

2019). 
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Figure 4.9. Plot of Ln(α) versus (hν) of Ca-doped NiO thin films at different calcium percentages. 
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Figure 4.10 Plots of (Eg) and (Eu) at different calcium percentages for all Ca: NiO films. 

The study of the linear refractive index (n) and extinction coefficient (k) is pertinent to 

optical qualities. They highlight the significance of structural alterations and polarization as 

function of doping concentrated when exposed to light. The formulas mentioned below were 

used to determine these parameters, k and n, respectively (Ganesh et al., 2018). 

                                                                     (4-8) 

  
(   )

(   )
 √

  

(   ) 
                                                       (4-9) 

where R is the measured reflectance. [see Fig 4.7]. 

Thus, (k) and (n) for both doped and undoped NiO thin films were computed. These 

values were graphed against wavelength, as illustrated in Figure 4.11 and Figure 4.12. Figure 

4.11 displays the computed values of k with respect to wavelength for each film. The values of k 

exhibit a range between approximately 0.8 and 0.15, indicating the impact of Ca doping on NiO 

thin films. It is discovered that as wavelength increases, k values drop. The low k values at high 

concentrations (4% and 8%) show that the films produced are free from surface defects and have 

good transparency. The refractive index n follows the same pattern, as seen in Figure 4.12. The 

figure clearly shows that the refractive index drops as wavelength increases and achieves a 

nearly constant value at high wavelengths (Ganesh et al., 2018). 
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Figure 4.11 Variation of extinction coefficient for undoped and Ca-doped NiO films. 
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Figure 4.12 Variation of refractive index for undoped and Ca-doped NiO films. 

4.3.4 Refractive index dispersion analyses 

The refractive index dispersion in the Ca-doped NiO thin films as deposited with various 

Ca concentrations (0%, 1%, 2%, 4%, and 8%) can be analyzed using the single effective 

oscillator model proposed by Wemple DiDomenico (WDD). The model implies that the 
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refractive index  n of the films may be connected with oscillator energy (Eo) and dispersion 

energy (Ed) using the following formula (Shaaban et al., 2016; El Radaf et al., 2019): 

  (  )    
    

(  
  (  ) )

                                                 (4-10) 

Plotting the relationship between (n²-1)
-1

 and the square of the photon energy (hυ)², as 

depicted in Figure 4.13. The values of Eo and Ed were directly determined from the slope and the 

intercept with the vertical axis of the straight line respectively. Furthermore, an additional 

examination of (n²-1)
-1

 versus (hυ)² enables the determination of values such as n0, Eg
wmp

, M-1, 

and M-3 using the relationships outlined in the previous chapter (Shaaban et al., 2016; El Radaf 

et al., 2019). 
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Figure 4.13 Variation of (n
2
-1)

-1
 against (hν)

2
 for all Ca-doped NiO films. 

Table 4.4 lists the obtained values for Eo, Ed, n0, Eg
wmp

, M-1, and M-3. It is evident that the 

increase in calcium concentration inside NiO films decreases the values of the dispersion 

parameters Eo, Ed, n0, Eg
wmp

, M-1, and M-3. This decline could stem from fluctuations in ionic 

bonding tendencies. It has been found that the relationship between Eo and Eg can be 

approximated as Eo ≈ 1.3 x Eg, aligning reasonably well with expectations from a single 

oscillator model (Caglar et al., 2007). 
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Table 4.4. Parameters for a single oscillator applicable to all Ca-doped NiO films. 

Li  

at.% 

Ed 

(ev) 

E0 

(ev) 

n0 M-1 

 

M-3 

(ev
-2

) 

Eg
wmp 

0 262.943 3.728 8.457 70.521 5.072 1.864 

1 137.576 3.365 6.471 40.883 3.610 1.682 

2 234.700 4.388 7.3807 53.475 2.776 2.194 

4 94.350 3.667 5.1697 25.726 1.912 1.833 

8 72.838 3.389 4.742 21.486 1.869 1.694 

4.3.5 Nonlinear Optical Properties 

Understanding the linear susceptibility (χ
1
), third-order nonlinearity (χ

3
), and nonlinear 

refractive index (n2) of thin films is crucial for various applications. To understand the nonlinear 

behavior of the manufactured thin films and the influence of calcium doping on these properties, 

we calculated the above-mentioned parameters using the previously provided equations. 

Figures 4.14 and 4.15 depict graphs of changes in linear and nonlinear optical 

susceptibilities. It has been noted that the optical sensitivity values, both linear and nonlinear, 

rise with increasing incident radiation energy and eventually become saturated at a certain 

wavelength (specific energy). This sort of change might be due to the interaction of light, which 

creates strong polarization in that specific wavelength region (Ganesh et al., 2017; Shkir et al., 

2017). However, in Ca-doped NiO thin films, these values are found to decrease, possibly 

indicating that the interaction of light is causing lower polarization in the doped films. 
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Figure 3.14. Variation of Linear Susceptibility versus photon energy of all Ca: NiO films. 
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Figure 3.15. Variation of Nonlinear Susceptibility versus photon energy of all Ca: NiO films. 

Moreover, the determination of the nonlinear refractive index (n2) was undertaken, 

considering its significance as a crucial parameter for diverse applications in the optoelectronics 

of oxide films. The graph illustrating the variation of n2 with E (eV) is presented in Figure 4.16. 

The n2 values exhibit a comparable pattern to nonlinear susceptibilities, indicating a strong 

dependence on χ
3
. It was observed that the n2 values are sensitive to the doping content, and are 

in good agreement with the other parameters obtained for the films. 
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Figure 3.16. Plots of Nonlinear refractive index versus energy (hν) for all Ca:NiO films. 
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4.4 Conclusion 

Undoped and Ca-doped NiO thin films were produced using a simple, low-cost spray 

pyrolysis process, and their linear and nonlinear optical characteristics were deeply investigated. 

The XRD investigation indicates that the produced films have a cubic structure and grow 

preferentially along (111) planes. The crystallite size values derived using Scherer's rule are seen 

to decrease from 31 to 14 nm with increasing Ca doping concentration. Agglomerations of 

particles with micropores were identified at higher magnifications Transmission and reflection 

measurements were used to estimate the optical constants of undoped and Ca-doped NiO thin 

films across the wavelength range of 200-900 nm. The direct energy gap values were calculated 

with a number of other factors, including absorption and refractive indices, oscillator parameters, 

and so on. The direct energy gap value ranges between 3.30 and 3.43 eV. Also, it has been 

observed that the calcium doping content affects the third-order nonlinearity (χ
3
) and the 

refractive index nonlinearity (n2). 
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Conclusions and Future Work  

Over the past decade, extensive research has been focused on NiO as a promising 

semiconductor material for photocatalysis, nanofibers, and optoelectronic applications. 

Regarding this thesis research, spray pyrolysis has been used to deposit undoped and Li-doped 

NiO thin films. It has been known that spray pyrolysis serves as a synthesis technique for 

generating high-quality NiO thin films. Despite extensive research and various characterization 

results reported on undoped and doped NiO thin films, many researchers still face challenges in 

optimizing several parameters and applications in practical devices. Several studies have shown 

that the doping type and doping ratio influence the morphology and structure of NiO core layers 

of the films by examining the morphological, microstructural, optical, and nonlinear properties. 

The present thesis addresses our contributions to the production and characterization of 

nanostructured NiO thin films as the future aims that this work can assist in attaining. 

Nickel oxide thin films exhibit intriguing nonlinear properties, characterized by their 

ability to undergo significant changes in conductivity or optical properties in response to varying 

external stimuli, such as light or electric fields. These nonlinearity phenomena are pivotal in the 

development of advanced electronic and photonic devices, offering prospects for efficient 

modulation and control in various applications ranging from sensors to optoelectronics. 

Understanding and harnessing these properties hold promise for innovations in next-generation 

technologies.  

1. Contributions 

Studies on undoped and doped NiO thin films deposited on a glass substrate using spray 

pyrolysis yielded the following conclusions: 

Studies on Lithium-Doped NiO Thin Films 

 Current research is dedicated to investigating the structural and optical characteristics of 

pure and Li-doped NiO thin films deposited on glass substrates using spray pyrolysis. 

 Samples were prepared with different amounts of Li doping (1%, 2%, 3%, and 5%) at 

480°C. 

 Results show a cubic structure with the (200) as the preferred orientation. 

 Crystal size reduced from 75.62nm to 62.37nm with increasing Li in NiO lattice. 

 The transmittance of (Li:NiO) films is high and ranges from 60% to 80%. 
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 Doping induces notable changes in band gap values, ranging from 3.38 to 3.66 eV. 

 Increasing Li doping concentration increases the refractive index (n), extinction coefficient 

(k), and dielectric constants consistently. 

 The Wemple DiDomenico (WDD) model was used to analyze refractive index dispersion 

and calculate oscillator parameters. 

 The nonlinear characteristics values of χ
1
, χ

3
, and n2 improved when the Lithium doping was 

added to the NiO lattice structure. 

Studies on Calcium-Doped NiO Thin Films 

 Undoped and Ca-doped NiO thin films were fabricated using the simple and cost-effective 

SPT method, their linear and nonlinear optical properties were investigated. 

 XRD revealed a cubic structure with a preferred orientation along the (111) plane. 

 Increasing the Ca doping level reduced crystallite size from 31 nm to 14 nm. 

 At greater magnifications, SEM pictures showed clusters of particles with micropores, and 

the EDX spectra verified the elemental compositions. 

 The estimated band gap energy gaps, absorption, refractive indices, and oscillator 

parameters etc.. were estimated. 

 The values of the direct energy gap varied between 3.30 and 3.43 eV. 

 Third-order nonlinearity (χ
3
) and refractive index nonlinearity (n2) were studied and found to 

be influenced by the calcium doping content. 

The experimental characterization indicates that (Li or Ca) doping plays an important role in 

the structural, optical, and nonlinear properties of the films. 

2. Future Work 

 Study and improve methods for preparing doped nickel oxide films to improve the quality 

and crystal structure. 

 Expanding the study of optical properties and crystal structure using more detailed analysis 

techniques. 

 Exploring the effectiveness of doped nickel oxide films in nonlinear device applications 

such as laser devices and optical communication components. 

 Investigating the incorporation of nickel oxide with other materials to enhance nonlinear 

performance. 

 Building theoretical models to better understand interactions in membranes and guide future 

research. 



ABSTRACT 

Abstract: Nickel oxide (NiO) has gained significant attention as a transparent conductive oxide 

material with promising physical properties for diverse technological applications. This thesis 

presents a comprehensive exploration of the structural and optical properties of undoped and 

doped nickel oxide (NiO) thin films, focusing on two key studies. The first study investigates the 

effects of Lithium doping on the structural and optical characteristics of NiO thin films. These 

films were deposited using spray pyrolysis on glass substrates at 480 °C, with varying 

concentrations of Li doping. Structural analysis through X-Ray Diffraction (XRD) revealed a 

polycrystalline cubic structure, predominantly oriented along the (200) crystal plane. The films 

exhibited a remarkable transmittance ranging between 60% and 80%. The bandgap values (Eg) 

were significantly influenced by the Li doping ratios, varying from 3.38 to 3.66 eV. Furthermore, 

a thorough examination of linear and nonlinear optical properties indicated improvements in χ
1
, 

χ
3
, and n2 with the incorporation of lithium doping into the NiO lattice. The second study focuses 

on producing and characterizing undoped and calcium-doped NiO thin films using the Spray 

Pyrolysis Technique. The XRD investigation indicates that the produced films have a cubic 

structure and grow preferentially along (111) planes. The introduction of calcium reduced the 

crystallite size from 31 to 14 nm. SEM images identified agglomerations of particles with 

micropores, while elemental compositions were confirmed through EDX spectrum analysis. 

Transmission and reflection measurements in the 200-900 nm wavelength range were used to 

determine the optical constants. The direct energy gap values ranged from 3.30 to 3.43 eV. 

Nonlinear susceptibility (χ
3
) and refractive index nonlinearity (n2) were also studied, revealing 

their sensitivity to calcium doping content. 

Keywords: NiO thin films; Spray pyrolysis; Doping; Optical properties; Linear and nonlinear 

optics. 

( اهخًبيًب كبُشًا ببعخببسِ يبدة أكسُذ يىصهت شفبفت راث خصبئص فُضَبئُت واعذة نهخطبُقبث NiOاكخسب أكسُذ انُُكم ) :ملخص

انخكُىنىصُت انًخُىعت. حقذو هزِ الأطشوحت اسخكشبفبً شبيلاً نهخصبئص انهُكهُت وانبصشَت نلأغشُت انشقُقت لأكسُذ انُُكم 

(NiO يع انخشكُض عهً دساسخٍُ سئُسُخٍُ. حبحذ انذساست الأونً فٍ حأرُشاث حطعُى انهُزُىو عهً انخصبئص انخشكُبُت ،)

الاَحلال انحشاسٌ ببنشش عهً سكبئض صصبصُت عُذ حقُُت حى حشسُب هزِ الأفلاو ببسخخذاو  حُذ انشقُقت. NiOوانبصشَت لأغشُت 

كشف انخحهُم انهُكهٍ يٍ خلال حُىد الأشعت . حخىي انهُزُىوخفبوحت يٍ يدسصت يئىَت، يع حشكُضاث ي 084دسصت حشاسة 

(. وأظهشث الأفلاو 044( عٍ بُُت يكعبت يخعذدة انبهىساث، يىصهت فٍ انغبنب عهً طىل انًسخىي انبهىسٌ )XRDانسُُُت )

، وانخٍ خطعُى ببنهُزُىو( بشكم كبُش بُسب انEgحأرشث قُى فضىة انُطبق )كًب %. 84% و04َفبرَت يهحىظت حخشاوط بٍُ 

فىنج. علاوة عهً رنك، أشبس انفحص انشبيم نهخصبئص انبصشَت انخطُت وغُش إنكخشوٌ  00..إنً  8...حشاوحج يٍ 

χانخطُت إنً حذود ححسُُبث فٍ 
1

χو 
3

. أيب انذساست انزبَُت فقذ سكضث عهً ت أكسُذ انُُكمانهُزُىو فٍ شبكشىاسد يع ديش  n2و 

انحشاسٌ ببنشش. حشُش َخبئش  ببنكبنسُىو ببسخخذاو حقُُت الاَحلال طعًتوانً طعًتانشقُقت غُش انً NiOإَخبس وحىصُف أغشُت 

أدي إدخبل  كًب (.111) انًسخىي انبهىسٌ إنً أٌ الأفلاو انًُخضت نهب بُُت يكعبت وحًُى بشكم حفضُهٍ عهً XRDفحص 

حضًعبث انضسًُبث راث انًسبو  SEMَبَىيخش. حذدث صىس  10إنً  1.انكبنسُىو إنً حقهُم حضى انبهىساث يٍ شىاسد 

. حى اسخخذاو قُبسبث الإسسبل والاَعكبط فٍ يذي EDXانصغُشة، بًُُب حى حأكُذ انخشكُببث الأونُت يٍ خلال ححهُم طُف 

 إنكخشوٌ .0..إنً  4...حشاوحج قُى فضىة انطبقت انًببششة يٍ َبَىيخش نخحذَذ انزىابج انبصشَت.  044-044انطىل انًىصٍ 

χفىنج. حًج أَضًب دساست انقببهُت غُش انخطُت )
3

 (، يًب َكشف عٍ حسبسُخهًب نًحخىيn2( ويؤشش الاَكسبس انلاخطٍ )

 .انًضبف انكبنسُىو

 انخطُت انبصشَبث انبصشَت؛ صبئصانخ ؛انخطعُى ؛ببنشش انحشاسٌ الاَحلال ؛أفلاو أكسُذ انُُكم انشقُقت: المفتاحية الكلمات

 .انخطُت وغُش


