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ِ الرَحْمنِ الرَحِيمِ  هّ  بسِْمِ 

 
   ȏه ȏǵوȎ̭ Ȏلȍث ȍم ȏض ȑǵَاأ ȍو ȏǮا ȍاو ȍ̫ Ȏ̭ ȎوȎǵ السه هَ ا

 Ȍة ȍاج ȍج ȎǶ ȏِ  Ȏاحȍب ȑص ȏ̫ ȑال ȋاحȍب ȑص ȏا مȍه ȏف Ȍǭ ȍَ ȑشȏ ȍَ
 Ȍǭ ȍرȍ ȍَ  ȑ̬ ȏم ȎدȍوقȎيٌ يȏ Ȑǵ Ȏد ȋبȍك ȑوȍا كȍ هَ َ ȍَ  Ȏة ȍاج ȍالزُج
 Ȏد ȍَ ȍي Ȍيهةȏب ȑرȍا غ ȍو Ȍيهة ȏق ȑ ȍَ ȍةȌ ا  يȑتȎو̭ ȍǶ Ȍةȍك ȍǵاȍب Ȏم
 ȍَ ȍع ȋǵوȎ̭ ȋǵ ȍَ  Ȏه ȑس ȍس ȑ̫ ȍت ȑمȍل ȑوȍل ȍو Ȏء ȏِ Ȏ ȍا ي Ȏُ ȑي ȍǶ
 ȎǬȏ ȑْ ȍ ي ȍو Ȏاء ȍشȍي ȑ̬ ȍم ȏه ȏǵوȎنȏل Ȏ هَ ي ا ȏدȑ ȍَ  ȌǵوȎ̭

 ȑاأَم Ȏ هَ ءȌ عȍلȏيȋ ا ȑ ȍَ  ȏȐ Ȏكȏب Ȏ هَ ا ȍو ȏǷلنهاȏل ȍالȍث  
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Abstract  

 
 

In this study, Nickel-Cobalt Oxide (Ni(1-x)CoxO) thin films, where x = 0, 4, 

6 and 8 % with different molarities (0.05, 0.1, 0.15 and 0.2 M) have been 

successfully deposited on glass substrates by chemical spray pyrolysis 

(CSP) technique at substrate temperature of (400 ±5oC) and thickness of 

about 300 ±10 nm. The structural and optical properties of these films 

have been investigated using XRD, AFM, and UV-Visible spectroscopy. 

The XRD results showed that all films are polycrystalline in nature with 

cubic structure and preferred orientation along (111) plane. The crystallite 

size was calculated using Scherrer formula. The crystallite size of the 

samples was maximum (51.16nm) for the unopded NiO thin film prepared 

at molarity of 0.1M, and it was minimum (8.22nm) for the Ni0.94Co0.06O 

thin film prepared at the same molarity, these results were qualitatively in 

agreement with the results of crystallite size obtained by Williamson-Hall 

method. The average grain size, average roughness and root mean square 

(RMS) roughness for Nickel-Cobalt Oxide were estimated from AFM. 

The absorbance and transmittance spectra have been recorded in the 

wavelength range of (300- 900) nm in order to study the optical properties. 

The transmittance for all thin films increases rapidly as the wavelength 

increases in the range (300- 350) nm, and then increases slowly at higher 

wavelengths.  

The absorbance decreases rapidly at short wavelengths (high energies) 

corresponding to the energy gap of the film, (when the incident photon has 

an energy equal or more than the energy gap value). The absorption 

coefficient was estimated for all samples and due to its high values 

(<104cm-1), it was concluded that the thin films material has a direct band 

gap. The optical energy gap for allowed direct electronic transition was 



calculated using Tauc equation. It was found that the band gap decreases 

when the molarity increases and the band gap values ranges between 3.71 

eV and 3.54 eV. The Urbach energy increases as the molarity increases 

and the Urbach energy values range between 299 meV and 680 meV. The 

optical constants including (absorption coefficient, real and imaginary 

parts of dielectric constant) calculated as a function of photon energy, 

refractive index and extinction coefficient for all films were estimated as a 

function of wavelength. 
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1 

1.1. Introduction 

The term "Thin Films" is used to describe a layer or several layers of atoms 

of a certain substance whose thickness ranges between (10 nm) and less 

than 1ȝm (1000 nm)[1]. Thin films technique is one of the most recent fully 

grown technologies that greatly contribute to develop the study of 

semiconductors and metals by giving a clear indication of their chemical 

and physical properties [1]. The properties of thin films are usually different 

from those of the bulk because of the two dimensions nature of thin films. 

In bulk “three dimensions” the particles are under the influence of forces at 

all directions, while in thin films the forces act upon the particles at the 

surface only [2]. Thin films are first made by (Busen & Grove) in 1852 by 

using (Chemical Reaction) and later in 1857; the scientist (Farady) had been 

able to obtain a thin metal film by means of (Thermal Evaporation) [3]. 

Spray pyrolysis was first used commercially more than half a century ago in 

1947 as in U.S. patents registered for (H. A. McMaster and W. O. Lytle) to 

deposite conductive oxide films on heated glass substrate [4]. The film layer 

is deposited on certain plates chosen according to the nature of the study or 

the scientific need. Such plates could be glass slides, silicon wafers, 

aluminum, quartz and others [1]. There are already so many applications of 

thin films such as the electronic and optical applications. The applications 

of thin films in electronics have been grown steadily in importance during 

the last decades, because of their use in the electronic resistances, 

capacitances, transistors, integral circuits for digital computers and other 

electronic equipments [5]. Thin films are also particularly important for 

their use in great number of optical fields such as the manufacturing of 

ordinary and thermal mirrors, mirrors for high reflectance, semitransparent 

reflection coating which are used in optical devices such as filters in solar 

cells, and non absorbing materials which are used for interference 

phenomena [5].  
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2 

1.2. Methods of Preparing Thin Films    

The methods of preparing thin films can be divided essentially into two 

main groups, namely, physical and chemical methods [6]. These methods 

are shown in figure (1-1). 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure (1-1): Classification of thin film deposition techniques [7]. 
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1.2.1. Chemical Spray Pyrolysis Technique 

Numerous materials have been prepared in the form of thin film because of 

their potential technical value and scientific curiosity in their properties. A 

number of techniques have been examined in the search for the most 

reliable and cheapest method of producing thin films [8]. Chemical  spray 

pyrolysis (CSP) technique  was initially  suggested  by  Chamberlin and  

Skarman in  1966 to  prepare  CdS  thin films on glass substrates. This 

method was used by many workers [9- 11]. Spray pyrolysis involves 

spraying of an aqueous solution containing soluble salts of the constituent 

atoms of the desired compounds to the heated substrates. The liquid droplets 

vaporize before reaching the substrate or react on it after splashing [12]. 

Doped and mixed films can be prepared very easily, simply by adding to the 

spray solution a soluble salt of the desired dopants or impurity.  

1.2.2. Advantages of Chemical Spray Pyrolysis Technique 

Chemical spray pyrolysis technique has a number of advantages as depicted 

in the following points [8, 13]: 

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

in any proportion by merely adding it in some form to the spray solution. 

2. Unlike closed vapor deposition method, CSP does not require high 

quality targets and/or substrates, and it does not require vacuum at any 

stage, which is a great advantage if the technique is to be scaled up for 

industrial applications. 

3. The deposition rate and the thickness of the film can be easily controlled 

over a wide range by changing the spray parameters, thus eliminating the 

major drawbacks of chemical methods such as sol-gel method which 

produces films of limited thickness. 
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4. Operating at moderate temperatures (100 – 500 oC), CSP method can 

produce films on less robust material. 

5. Unlike high – power methods such as radio frequency magnetron 

sputtering (RFMS), it does not cause local over – heating that can be 

detrimental for materials to be deposited. 

6. By changing composition of the spray solution during the spray process, 

it can be used to make layered film and films having composition gradients 

throughout the thickness. 

7. It is believed that reliable fundamental kinetic data are more likely to be 

obtained on particularly well characterized film surface, provided the film 

are quiet compact, uniform and that no side effects from the substrate occur. 

CSP offers such an opportunity.  

8. Low cost comparing with other methods which require complex devices 

and instruments with high cost. 

 

1.3. Mechanism of Thin Films Formation                               

Films growth may be divided into certain stages. These are as follows [14]:                           

1. Nucleation, during which small nuclei are formed that are statistically 

distributed (with some exceptions) over the substrate surface.                                            

2. Growth of the nuclei and formation of larger islands, which often have 

the shape of small (crystallites).                                    

3. Coalescence of the islands (crystallites) and formation of a more or less 

connected network containing empty channels.  

4. Filling of the channels.    

It is important to mention that after a certain concentration of nuclei is 

reached; additional particles do not form further nuclei but adhere to the 

existing ones or to the islands formed already.        
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1.4. Particular Considerations of the Chemically Sprayed Thin Films  

Chemical reaction takes place when the falling drops reach the hot substrate 

thus the prerequisite material will follow the above stages to form thin film. 

Since there are many drops reaching the hot substrate, everyone will 

crystallize separately [13], and spotty film will form as shown in figure (1-

2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1-2): Formation Stages of Thin Film [14]  
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1.5. Physical and Chemical Properties of Nickel Oxide 

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

notable as being the only well characterized oxide of nickel. The 

mineralogical form of NiO, bunsenite, is very rare. NiO can be prepared by 

multiple methods. Upon heating above 400 oC, nickel powder reacts with 

oxygen to give NiO. In some commercial processes, green nickel oxide is 

made by heating a mixture of nickel powder and water at 1000 oC, the rate 

for this reaction can be increased by the addition of NiO  [15]. The simplest 

and most successful method of preparation is through pyrolysis of a 

nickel(II) compounds such as the hydroxide, nitrate, and carbonate, which 

yield a light green powder. Synthesis from the elements by heating the 

metal in oxygen can yield grey to black powders which indicates 

nonstoichiometry [16]. NiO adopts the NaCl structure, with octahedral 

Ni(II) and O2
−2 sites as shown in figure (1-3). The conceptually simple 

structure is commonly known as the rock salt structure. 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. Nickel oxide 

(NiO) has a density of (6.67 g/cm3) and molecular weight of (74.69 g/mol). 

Its melting point is (1955 oC)  [17].  
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Figure (1-3): Structure of nickel oxide. [16] 

a. Structure of nickel oxide in 3D 
b. Structure of nickel oxide in 2D (Stoichiometric). 
c. Structure of nickel oxide in 2D (Non-stoichiometric). 

 

1.5.1. Different Applications of Nickel Oxide Thin Films 

Nickel oxide thin films have been employed as: 

1. An antiferromagnetic material [10].  
2. p-type transparent conducting films [11].  

3. Electro catalysis [18]. 

4. Positive electrode in batteries [19]. 

5.  Fuel cell [20]. 

6. A material for electro-chromic display devices [21].  
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7. Part of functional sensor layers in chemical sensors [22]. 

8. Solar thermal absorber [23]. 

9. Photo electrolysis [24]. 

10. Promising ion storage material in terms of cyclic stability. 

11. Resistive memories. 

12. Electrochromic devices. 

13. Giant magnetoresistive spin valve structures [25]. 

1.6. Physical and Chemical Properties of The Cobalt Oxide  

Cobalt oxide is considered as  a p-type semiconductor  material. 

Although there are three different forms of cobalt oxides namely 

cobaltous oxide (CoO), cobaltic oxide (Co2O3) and cobaltite oxide 

(Co3O4), cobaltite oxide is the most widely used in 

electrochemical capacitor applications. The black tricobalt 

tetraoxide, Co3O4 is usually a product of thermal treatment of 

cobalt hydroxide, Co(OH)2 at temperatures above 300oC. Cobalt 

oxide is also a promising material in gas sensing and solar energy 

absorption as well as lithium ion battery electrodes. (CoO) has a 

density of (6.45 g/cm3) and molecular weight of (74.9326 g/mol). Its 

melting point is (1933 oC) [26]  

1.7. Previous Studies  

In (2002), Patil and Kadam. [27] employed chemical spray pyrolysis (CSP) 

technique to deposit nickel oxide (NiO) thin films from hydrated nickel 

chloride salt solution on glass substrates. They studied the effect of the 

volume of sprayed solution on structural and optical properties by using X-

ray diffraction (XRD), infrared (IR) and optical absorption. It was found 

that increase in the volume of sprayed solution leads to the increment in 
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film thickness and improvement of crystallinity of the film, consequently 

the band-gap energy varied from 3.58 to 3.4 eV. 

 

In (2005), Chen et al. [28] studied the dependence of structural properties 

on the thickness of nickel oxide (NiO) films deposited on glass substrates 

by RF magnetron sputtering in a pure oxygen atmosphere at an RF power 

200 W. The X-ray diffraction (XRD) and transmission electron microscope 

(TEM) analyses of nickel oxide films indicated that the films were 

polycrystalline. The thickness of the films varied in the range from 50 to 

300 nm. The variations of the microstructural parameters, such as crystallite 

size, dislocation density, strain and density, with film thickness and 

substrate temperature were investigated. The results showed that the 

crystallite size increases as the thickness of the film increases, while the 

variation of the dislocation density and strain decrease as the thickness 

increases.  

 

In (2007), Reguig et al. [29] studied NiO thin films grown on glass 

substrates by intermittent spray pyrolysis deposition of NiCl2·6H2O diluted 

in distilled water, using a simple “perfume atomizer”. The effect of the 

solution molarity on their properties was studied and compared to those of 

NiO thin films deposited with a classical spray system. It was shown that 

NiO thin films crystallized after deposition. Whatever the precursor 

molarity, the grain size was around 25–30 nm. The crystallites were 

preferentially oriented along the (1 1 1) direction. 

 

In (2007), Ghodsi and Khayatiyan. [30] prepared NiO thin films from 

NiCl2·6H2O precursor by using sol–gel route. The films were deposited on 

glass substrates using dip-coating technique. The optical and structural 

properties of the NiO thin films were investigated with respect to dipping 

http://www.sciencedirect.com/science/article/pii/S0169433206012682
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rate, number of layers, and annealing temperature. The microstructure of 

NiO thin films and powder were examined by X-ray diffraction (XRD). 

Various diffraction peaks of NiO powder were observed in the XRD 

patterns. The optical characteristics of the samples were determined by 

using UV–visible spectrophotometer. The results showed that the NiO thin 

films were transparent in the visible range. Optical constants like refractive 

index, extinction coefficient …etc. have changed by varying dipping rate, 

number of layers, and annealing temperature. 

In (2008), Ezema et al. [31] deposited NiOx thin film on glass slides from 

aqueous solutions of nickel chloride and ammonia. Ammonia was employed 

as complex agent in the presence of hydroxyl solution. The films were 

studied using X ray diffraction and photomicrograph for the structure and 

absorption spectroscopy for its optical properties. The optical 

characterization showed that the films have band gap that ranged between 

2.10 eV and 3.90 eV, and thickness that ranged between 0.061 ȝm and 

0.346 ȝm. The average transmittance of films was found to be between 50% 

and 91% in the UV-VIS-NIR regions. The films could be effective as 

optical coatings for poultry houses. 

In (2008), Srivastava et al. [32] have prepared Nickel oxide thin films by 

spin coating on glass, silicon (111) and quartz substrates using a solution of 

nickel acetate tetrahydrate in 2-methoxyethanol and mono-ethanolamine 

and subsequent annealing at 300–600 0C for 2h in air. Those films have 

been characterized with regard to phase, microstructure and optical 

absorption using X-ray diffraction, atomic force microscopy and UV-visible 

spectrophotometry respectively. It was shown that NiO thin films have 

polycrystalline nature and possess an f.c.c. (NaCl-type) structure with lattice 

parameter varying with annealing temperature and solution molarity, typical 

value being a = 4.186 Å at 500 oC and molarity 0.5 M. The microstructure 
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clearly revealed the formation of ellipsoids with average projected major 

and minor diameters as ∼58 and ∼38 nm, respectively and nano-rods of 

average diameter ∼12 nm with aspect ratio of ∼5.2. On the other hand, thin 

films formed by dip coating with the same solution contain spherical 

particles of average diameter ∼28 nm. NiO thin films exhibited (i) high 

optical transmittance (80–95%) in the wavelength range of 400–800 nm, (ii) 

sharp absorption in the interval 300- 400 nm like that of 

semiconductor/insulator, (iii) decrease of energy band gap, Eg (value lies in 

the range 3.66–3.83 eV, bulk value being 3.55 eV) with increase of both 

annealing temperature and molarity. The higher values of band gap have 

been attributed to the reduced average size of the crystallites. 

In (2009), Igwe et al. [33] have prepared Nickel oxide thin films by 

chemical bath deposition technique on glass substrates using 3 mls of 1M of 

NiSO4, 4 mls of 1M of KCl4, and 1M of Ammonia as the complexing agent. 

The films were subjected to post-deposition annealing under various 

temperatures, 100, 150, 200, and 300 oC. The thermal treatment of Ni(OH)2 

thin film decomposes to NiOx. The films were very prosperous materials 

with excellent electrochromic properties, firmly adhered to the substrate and 

resistant to chemicals. The transmittance was very high while the 

reflectance was low as the wavelength increases. The band gaps obtained 

under various thermal treatments were between 1.90 eV and 4.4 eV. The 

thickness achieved was in the range of 0.12-0.14 ȝm. These properties of 

the oxide film supports other important applications of NiO film such as 

preparation of alkaline batteries (as a cathode material) anti-ferromagnetic 

layers, P –type transparent conducting films. 

  

In (2010), Saadati et al. [34] prepared NiO thin films by using the electron 

beam physical vapor method at room temperature on glass substrates for 

different thicknesses ranging from 285 to 645 nm. Nano-structures of the 
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films were investigated using X-ray diffraction (XRD) and atomic force 

microscopy (AFM). It was observed that NiO thin films have grown with 

(200) preferred orientation that increased with film thickness. In addition, 

crystallite size obtained from XRD results and grain size obtained from 

AFM analysis increased with film thickness. Transmittance spectra of NiO 

films were collected between 340 and 850 nm wavelength. Refractive 

indices and the thicknesses of these films were obtained using Swanepoel 

method. Optical functions of these films showed that films were of 

homogenous structure and the results agree with reported data obtained 

using different methods of film deposition. 

                                                                                                                                                              

In (2010), AL-Shammary [35] prepared nickel oxide (NiO) thin films  on 

cleaned glass substrates at 498 K temperature using spray pyrolysis 

deposition technique of thickness (1451.8 Å). UV-VIS spectra of the film 

were studied by using the optical absorbance measurements which were 

taken in the spectral region from 300 nm to 1100 nm. Optical Constants 

such as optical allowed energy band gap of direct transition, absorption 

coefficient, extinction coefficient, refractive index and optical conductivity, 

were evaluated from these spectra. The films were found to exhibit high 

transmittance (~55-87%) and high absorbance values at ultraviolet region 

which they decrease rapidly in the visible / near infrared region. Optical 

allowed band energy for direct transition was (3.694eV). 

In (2011), Patil et al. [36] employed Sol gel spin coating method for the 

deposition of nanocrystalline nickel oxide (NiO) thin films. The films were 

annealed at 400˚C - 700˚C for 1 h in air and the changes in the structural, 

morphological, and optical properties were studied. The structural 

properties of nickel oxide films were studied by means of X-ray diffraction 

(XRD), which showed that all the films were crystallized in the cubic phase 
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and present a random orientation. Surface morphology of the nickel oxide 

film consists of nanocrystalline grains with uniform coverage of the 

substrate surface with randomly oriented morphology. The decrease in the 

band gap energy from 3.86 to 3.47 eV was observed after annealing NiO 

films. It was concluded that the optical quality of NiO films was improved 

by annealing. 

In (2011), Guziewicz et al. [37] fabricated NiO films by RF magnetron 

sputtering. Optical parameters of the films were characterized using 

transmittance measurements. P-type conductivity of as-deposited films and 

after annealing in oxygen or argon at the temperature range from 300 °C to 

900 °C was verified. It was shown that the transmittance of NiO films 

strongly depends on deposition temperature and oxygen amount during 

sputtering. Films deposited at room temperature without oxygen had 

transmittance near 50% in the visible range and resistivity about 65 Ωcm. 

An increase in oxygen amount in deposition gas mixture resulted in higher 

conductivity, but transmittance decreased below 6%.  

 

In (2011), Venter and Bothal [38] resistively deposited nickel (Ni) on glass 

substrates and oxidised at temperatures ranging from 300 ˚C to 600 ˚C. The 

oxidised Ni layers were subsequently characterized using scanning electron 

microscopy (SEM), X-ray diffraction (XRD) and UV-visible 

photospectrometry in the range 200 nm – 1000 nm. SEM results of the 

surface revealed a strong dependence of the surface texture and particle size 

on the oxidation temperature and time. XRD performed on the oxidised Ni 

indicated progressive transformation from nanograined polycrystalline Ni to 

NiO at elevated temperatures. Film thicknesses, particle sizes, energy band 

gap and refractive indices were determined from transmission and 

absorbance data. 
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In (2011), Thayumanavan et al. [39] developed an automated thin film 

formation technique to deposit NiO films at low temperatures using 

different molarities. The formed films were annealed at 310 oC to get better 

crystalline structure. The Structural and optical properties were studied for 

the grown thin films with the developed instrument. The band gap of the 

formed thin films was in the range of 3.73 eV to 3.35 eV. The optical 

studies revealed that the transmittance of the grown film is up to 80 % and 

decreases with increase of molarity of the solution  

                                                                                  

In (2011), Mahmoud et al. [40] prepared crystalline and non-crystalline 

nickel oxide (NiO) thin films by chemical spray pyrolysis technique using 

nickel acetate tetra hydrate solutions on glass substrates at different 

temperatures from 225 to 350°C. Structure of the as-deposited NiO thin 

films have been examined by X-ray diffraction (XRD) and atomic force 

microscope (AFM). The results showed an amorphous structure of the films 

at low substrate temperature (T = 225 °C), while at higher T ≥ 275 °C, a 

cubic single phase structure of NiO film was formed. The refractive index 

and the extinction coefficient have been calculated from the corrected 

transmittance and reflectance measurements over the spectral range from 

250 to 2400 nm.  

In (2012), Mallikarjuna et al. [41] prepared Nickel Oxide (NiO) thin films 

on Corning 7059 glass substrates at different oxygen partial pressures in the 

range of 1 x 10 – 4 to 9 x 10 – 4 mbar  by using dc reactive magnetron 

sputtering technique. Structural properties of NiO films showed 

polycrystalline nature with cubic structure along (220) orientation. The 

optical transmittance and band gap values of the films increased with 

increasing the oxygen partial pressure from 1 x 10 – 4 to 5 x 10 – 4 mbar and 

decreased on further increasing the oxygen partial pressure. Using Scanning 
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Electron Microscopy (SEM), fine grains were observed at oxygen partial 

pressure of 5 x 10 – 4 mbar. 

In (2012), Balu et al. [42] prepared NiO th in  f i lms with different 

molarities of nickel chloride on ultrasonically cleaned glass substrates kept 

at 350 oC by a simplified, economical spray technique using perfume 

atomizer. In this technique atomization was based on hydraulic pressure 

instead of compressor air pressure as in the conventional spray technique. 

The X-ray diffraction study revealed that the films were polycrystalline in 

nature with cubic structure. Micro structural parameters were calculated 

from the XRD data. Analysis of the absorption versus photon energy curves 

revealed an indirect transition and the band gap decreases with the 

increase in solution concentration. 

In (2013), Ismail et al. [43] prepared transparent crystalline nanostructured 

nickel oxide (NiO) thin films by using a simple spray pyrolysis technique 

from hydrated nickel chloride salt solution (NiCl2.6H2O) on glass and 

silicon (n-type) substrates at different temperatures (280, 320, 360, and 400 
oC) and with different solution concentrations (0.025,0.05, 0.075, and 0.1 

M). Structural and morphological properties of the grown NiO films were 

studied using X-ray diffraction (XRD) and atomic force microscope. 

Optical properties of the films were characterized by UV–visible absorption 

spectra. The XRD results showed that the deposited films have an 

amorphous structure when deposited at temperature of T=280 oC and 

concentration of 0.025 M. At higher temperatures (T = 320, 360, and 400 
oC) and solution concentrations of (0.05, 0.075, and 0.1 M), the deposited 

films had cubic polycrystalline structure formed with preferred orientation 

along (111) plane. The band gap of NiO film increased from 3.4 to 3.8 eV 

as the molarity decreased from 0.1 to 0.05 M. 
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In (2013), Sriram and Thayumanavan. [44] prepared Nickel Oxide (NiO) 

thin films by using spray pyrolysis technique. Structural and optical 

properties of two different films were studied. The structural studies showed 

that the film prepared from the aged solution had more grain size (60.3 nm) 

than the film prepared by fresh solution (21 nm). From the optical studies, it 

was found that the band gap of film from fresh solution was 3.6 eV while 

the band gap of film from aged solution was about 3.5eV. The refractive 

index was measured with the help of PUMA software and for the film from 

fresh solution it remained at 1.95 through visible region. However, for the 

film from aged solution, it varied from 2 to 1.78 in visible region. The 

calculated extinction coefficient values of the films showed no significant 

variation in visible and NIR range. 

In (2013), Osuwa Onyejiuwa.[45] prepared Nickel oxide (NiO) thin films 

by  using chemical bath deposition at room temperature of 30 oC and the 

films were then annealed in an oven at temperatures of 100 oC, 200 oC and 

300 oC. Structural and properties of the thermally treated thin film samples 

were characterized using X-Ray Diffraction (XRD), Energy dispersive, 

Spectroscopy (EDS), and Surface Profiler. The results showed that the NiO 

thin film thickness decreased with annealing temperature from 1.40 ȝm for 

as grown sample to 0.75 ȝm for sample annealed at 300 oC. The XRD 

patterns revealed increasing amorphosity of the NiO thin films with 

increasing in annealing temperature.  

 

In (2013), Patel et al. [46] prepared (NiO) thin films on glass and indium tin 

oxide coated glass substrates by e-beam evaporation technique at different 

substrate temperatures ranging from room temperature (27 oC) to (400 oC). 

The crystallization of the film was improved with increase in substrate 

temperature as inferred from the glancing incident X-ray diffraction 
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measurement. The increase in substrate temperature of the films caused an 

increase in the transmittance. 

 

In (2013), Saleh [47] prepared NiO thin films on suitably cleaned quartz 

substrates by rapid thermal oxidation method for different oxidation time 

and 850 oC oxidation temperature. The structural properties of NiO thin 

films have been investigated. Polycrystalline nature of the material was 

confirmed by X-ray diffraction technique and various structural parameters 

were calculated. All the films showed most preferred orientation along 

(111), (200) and (220) planes. The grain size of prepared NiO films was 

within the range of 49 to 63 nm. 

In (2014), Tareq [48] prepared Nickel oxide (NiO) thin films on quartz 

substrates using a pulsed 532 nm Q-Switched Nd: YAG laser. The X-ray 

diffraction (XRD) results showed that the deposited films were crystalline 

in nature. Furthermore, a higher annealing temperature resulted in a thicker 

NiO film, which was attributed to an increased grain size. The morphology 

of deposited films was characterized by scanning electron microscope 

(SEM) and atomic force microscope (AFM), with increasing annealing 

temperature, the grain size increase. The grain size value (10, 23 and 40 nm) 

for thin films annealing at 200, 300 and 400 oC respectively. UV–Vis 

spectrophotometric measurement showed high transparency (nearly 92 % in 

the wavelength range 400–900 nm) of the NiO thin film with a direct 

allowed band gap value lying in the range of 3.51–3.6 eV. 

 

 In (2014), Offiah et al. [26] employed chemical bath deposition (CBD) 

method for the growth of nanocrystalline nickel-cobalt oxides (NiO-CoO) 

thin films deposited on glass substrates. The XRD results showed that the 

average crystallite size of the thin films is about 2.2nm. The thin films 
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which were also characterized for AFM and SEM revealed randomly 

oriented nano-flake structures with absorbance greater than 45% in the UV 

region of the electromagnetic spectrum and band gap energy range between 

2.75 eV and 2.95 eV. Characterization of the NiO-CoO composite thin films 

shows that they could possibly be useful in supercapacitive applications. 

 

1.8. Objectives of the study 

1. Preparation of undoped and Co doped Nickel Oxide thin films on glass 

substrates by chemical spray pyrolysis (CSP) technique at substrate 

temperature of (400 ±5 oC). 

2. Studying the effect of aqueous solution molarity and cobalt concentration 

on the surface morphology, structural and optical properties of the deposited  

thin films. 
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2.1. Introduction 

This chapter includes general descriptions of the theoretical part of the 

current study, the physical concepts, relationships, and the laws used to 

interpret the obtained results. 

2.2. Crystal Structure of Solids   

Solid materials may be classified according to the regularity with which 

atoms or ions are arranged with respect to one another into two groups 

which are; 

1. Crystalline Materials                    

Crystalline materials can be classified into two groups such as; 

a. Single crystalline materials 

The atoms in these types of materials are arranged in a three – dimensional 

periodic fashion as shown in figure (2-1a). The periodic arrangement of 

atoms in a crystal is called a lattice. In a crystal, an atom never strays far 

from a single and fixed position. The thermal vibrations associated with the 

atom are centered about this position. For a given semiconductor, there is a 

unit cell that is representative of the center lattice, by repeating the  unit cell 

in three dimensions, the whole crystal can be generated, and such materials 

are said to have long range order [49]. 

 b. Polycrystalline materials  

The structure of polycrystalline materials consists of many tiny single 

crystals known as grains which are separated by grain boundaries, each of 

then contains a periodic array of atoms and is considered to pass long range 

order [50] as shown in figure (2-1b), while the grain in the polycrystalline 

state posses short range order [SRO] with random grain sites, shape, and 

orientational packing [49]. 

2. Non Crystalline (Amorphous) materials 

Amorphous material is defined as the material in which its atomic sites are 

randomly arranged in three-dimensions as shown in figure (2-1c). 
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Amorphous material lacks the long range periodic ordering in their lattice 

network, but, they have short range order (SRO). Thus, such materials 

acquire variation in the interatomic distance and bond angles; however they 

are of covalently bonded atoms which are arranged in an open network. The 

atoms in the amorphous materials are linked by forces and oscillate to 

define equilibrium positions that are similar to those in crystals.  

The properties of amorphous semiconductor thin films are very sensitive to 

the preparation technique and thermal history because there is no limit to 

the variation of bond lengths and angles in addition to the preparation 

defects [51]. 

 

Figure (2-1): Schematics of the general types of materials. 

a. single crystal,   b. polycrystalline and c. amorphous [51]. 

2.3. Semiconductor Materials Groups 

Semiconductors are the group of materials having conductivities between 

those of metals and insulators. Two general classifications of semiconduc-

tors are the elemental semiconductor materials, and the compound 

semiconductor materials, the two-elements, or binary compounds such as 

gallium arsenide. Compound semiconductor technology is not new. Devices 

based on GaAs, the most mature of the III-V technologies, have been used 

for more than forty years, mostly in aerospace and military applications. In 

the past twenty years or so, GaAs devices had been used in high-volume 

commercial applications such as cellular phones and other wireless 
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applications [53]. Three-elements, or ternary, compound semiconductor, for 

example AlGaAs can also be formed. More complex semiconductors can 

also be formed that provide flexibility when choosing material properties 

[53]. 

2.4. Crystal Defects 

It is useful to classify crystal lattice defects by their dimension. The 0- 

dimensional defects affect isolated sites in the crystal structure, and are 

hence called point defects. An example is a solute or impurity atom, which 

alters the crystal pattern at a single point. The 1-dimensional defects are 

called dislocations. They are lines along which the crystal pattern is broken. 

The 2-dimensional defects are surfaces, such as the external surface and the 

grain boundaries along which distinct crystallites are joined together. The 3-

dimensional defects change the crystal pattern over a finite volume. They 

include precipitates, which are small volumes of different crystal structure, 

and also include large voids or inclusions of second-phase particles [54]. 

The simplest imperfection is a lattice vacancy, which is a missing atom or 

ion also known Schottky defect. Schottky defect is created in a perfect 

crystal by transferring an atom from a lattice site in the interior to a lattice 

site on the surface of the crystal. 

Another vacancy defect is the Frenkel defect in which an atom is transferred 

from a lattice site to an interstitial position, a position not normally occupied 

by an atom [55]. Figure (2-2) shows schematic of Schottky defect and the 

Frenkel defect. 

 

Figure (2-2): Schottky defect and Frenkel defect [55]. 
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2.5. X-Ray Diffraction 

X-rays is a form of electromagnetic radiation. Most X-rays have a 

wavelength in the range of (0.01 to 10 nm). X-ray wavelengths are shorter 

than those of UV rays and typically longer than those of gamma rays [56]. 

The wavelength must be equal to or roughly comparable to the lattice 

constant in order to investigate the structure of materials [57]. 

2.6. Structure of Thin Films  

One of the most well known methods for studying the structure of bulk 

materials as thin films is the x-ray diffraction (XRD). 

The analysis of the diffraction pattern may give information about the 

crystallization and interplanner spacing of substance examined. The Bragg’s 

condition for the diffraction can be written as [58]:  

   2dsinθmȜ                                           ……………. (2-1) 

Where (m) is positive integer which represents the diffraction order, (Ȝ) is 

the wavelength of  the incident X-ray beam, (θ) Bragg diffraction angle of 

the XRD peak and the interplaner (d) can be determined. Fig (2-3) shows 

the (XRD) that satisfies Bragg’s condition. 

 

Figure (2-3): Bragg’s diffraction [59]. 

 

According to the (XRD), in the case of polycrystalline films the (XRD) 

shows various peaks at different angles of diffraction and diffraction pattern 

as shown in figure (2-4) a. The single crystal material exhibits 

http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/X-ray#cite_note-1
http://en.wikipedia.org/wiki/X-ray#cite_note-squires-2
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sharpreflections (sharp peaks). as shown in figure (2-4)b [60]. For the 

amorphous films material, the diffraction does not exhibit any sharp peaks 

[60]. This can be simply represented in fig (2-4) c. 

Figure (2-4): (XRD) of semiconductors. 

(a) Polycrystalline (b) Single material (c) Amorphous material [61]. 

 

2.7. Structural Parameters:  

2.7.1. Lattice Constant (ao) 

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

the following relation [62]:        √ሺ        ሻ                                      ………… (2-2) 

2.7.2. Average crystallite size (Dav) 

The average crystallite size (Dav) can be estimated using two methods μ 

a. Scherrer method 

Crystallite size can be calculated from peak broadening using XRD [63]. X-

ray line broadening method was used to determine the particle size of NiO 

by using Scherrer equation [64]: 

Dav                                                        …………..(2 -3)  

Where 

K: is constant and was assumed to be equal to 0.9 

Ȝμ is the wavelength of incident X-ray radiation = (1.5406Å for CuK). 
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βμ is the full width at half maximum of the peak (in radians). 

θμ is Bragg diffraction angle of the XRD peak. 

 

b. Williamson-Hall method 

Crystal imperfections and distortion of strain-induced peak broadening are 

related by S ≈ βs/tanθ. Scherrer-equation follows a 1/cosθ dependency but 

not tanθ as the induced strain [65]. The following results are the addition of 

the Scherrer equation and S ≈ βs/tanθ [66]. 

βhk  =βD +βS                                                     .……........(2- 4) 

βhk = (
         ሻ                                      ..…...........(2-5) 

where  S: is the microstrain 

Rearranging equation (2-5) gives: 

βhk cosθ= (
     ሻ                                 ……………(2- 6) 

If βhk cosθ is plotted with respect to 4sinθ for the peaks, strain and 

crystallite size can be calculated from the slope and y-intercept of the fitted 

line respectively[67]. 

 

2.7.3. Texture Coefficient (Tc) 

To describe the preferential orientation, the texture coefficient, T
C
(hkl) is 

calculated using the expression [68]: 

 


)()(

)()(
)(

0
1

0

hklIhklIN

hklIhklI
hklT

r

C          …..……..(2-7) 

Where I(hkl) is the measured intensity, Io (hkl) taken from the JCPDS data, 

(Nr) is the number of peaks and (hkl) is Miller indices. The texture 

coefficient T
C
(hkl) is a positive number and may have the values :  
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If TC(hkl)≈1 for all the (hkl) planes considered, then the films are with a 

randomly oriented crystallite, while values higher than 1 indicate the 

abundance of grains in a given (hkl) direction. Values 0<TC(hkl)<1 indicate 

the lack of grains oriented in that direction. As TC(hkl) increases, the 

preferential growth of the crystallites in the direction perpendicular to the 

hkl plane is the greater [69]. 

 

2.7.4. Dislocation density and number of grains 

The dislocation density (į) can be calculated as the following [70]: 

į = 1/Dav
2                                            ………….(2- 8)  

 

and number of crystallites can be calculated from the relation [71]:  

No = t/Dav
3                                                  .…………..(2- 9 ) 

Where t : is the thickness and No: is the number of crystallites. 

2.8. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a very high-resolution type of scanning 

probe microscopy, with demonstrated resolution on the order of fractions of 

a nanometer, more than 1000 times better than the optical diffraction limit. 

Binnig, Quate and Gerber invented the first atomic force microscope (also 

abbreviated as AFM) in 1986. The information is gathered by "feeling" the 

surface with a mechanical probe. Piezoelectric elements that facilitate tiny 

but accurate and precise movements on (electronic) command enable the 

very precise scanning [72].  Atomic Force Microscope (AFM) consists of  

probe, cantilever and imaging modes. Atomic force microscope (AFM) has 

three main modes of mapping topography: contact which was used in 

current morphology investigations, non-contact and intermittent contact or 

tapping. Figure (2-5) shows a schematic diagram of atomic force 

microscope. The most important part of an AFM is the tip with its nanoscale 

radius of curvature. The tip is attached to a micronscale cantilever which 

http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Diffraction_limited
http://en.wikipedia.org/wiki/Calvin_Quate
http://en.wikipedia.org/wiki/Christoph_Gerber
http://en.wikipedia.org/wiki/Piezoelectricity
http://en.wikipedia.org/wiki/Atomic_force_microscopy#Probe
http://en.wikipedia.org/wiki/Atomic_force_microscopy#Probe
http://en.wikipedia.org/wiki/Atomic_force_microscopy#Imaging_modes
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reacts to the Van der Waals interaction and other forces between the tip and 

sample. In contact mode, the cantilever is deflected due to the force and this 

deflection is measured by reflecting a laser beam off the back of the 

cantilever. The microscope produces an image by recording the feedback 

signal from the control loop that maintains a constant amount of cantilever 

deflection. i.e., tip- sample force or tip-sample spacing. In non-contact and 

tapping modes, the cantilever is excited close to its resonant frequency, and 

the feedback loop maintains constant tip oscillation amplitude [73].  

 

 

Figure (2-5): Schematic diagram of atomic force microscope [73]. 

 

2.9. Energy Bands in Crystalline Semiconductors 

The detailed energy band structures of crystalline solids have been 

calculated using quantum mechanics. Figure (2-6) is a schematic diagram of 

the formation of silicon lattice crystal from isolated silicon atoms. Each 

isolated atom has its discrete energy levels (two levels are shown on the far 

right of the diagram). As the inter-atomic spacing decreases, each 

degenerate energy level splits to form a band. Further decrease in spacing 

causes the bands originating from different discrete levels to lose their 

identities and merge together, forming a single band. When the distance 

between atoms approaches the equilibrium inner atomic spacing of the 

diamond lattice (with a lattice constant of 5.43Å for silicon), this band splits 
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again into two bands. These bands are separated by region which designates 

that the electrons in the solid cannot be possessed. This region is called the 

forbidden gap, or band gap (Eg) [74]. The upper band is called the 

conduction band (C.B.), while the lower band is called valance band (V.B.) 

as shown on the far left of figure (2-6). 

 

 

 

 

 

 

 

 

 

Figure (2-6): Formation of energy bands in silicon lattice crystal 

by bringing together isolated atoms [75]. 

 

The valance band is filled by electrons at temperature  zero kelvin while 

conduction band is empty from electrons. At room temperature the energy is 

enough to some electrons in valance band to cross energy gap (Eg) to 

conduction band, after that, a hole will be left in valance band.  

 

2.10. Electronic Transitions 

Throughout the study of optical properties, two kinds of electronic 

transitions can be distinguished, direct and indirect, depending on the lower 

location point in conduction band, and upper point of valance band [76]. 

 

Lattice Space 
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2.10.1. The Direct Transitions  

The direct transition occurs when the upper point location is identified at the 

top of valance band (Ev) with lower point in conduction band bottom (Ec) in 

(E- K


) curve at same value of wave vector ( K


), the transition fulfilled 

vertically without any change in wave vector (K


=0). 

This means that photons with  energy higher or equal to the forbidden 

energy gap (hv Ec–Ev), so the direct optical absorption energy would be 

limited by the energy gap, that kind  of transition is defined by allowed 

direct transition, as shown in figure (2-7-a).  

That kind of transition is achieved by the conservation of energy and 

momentum as follows [74, 77]:  

 
phif

if

KKK

hvEE





                                               ………….. (2-10) 

Where: 

Ef, Ei: final and initial energies of conduction and valance bands, 

respectively.  

fK


, 
iK


 : the final and initial wave vectors of transited electron. 

phK


 : photon wave vector .  

It should be mentioned here that the electron wavelength is at the range of 

the distance between the atoms, thus the electron wave vector (

2

Ke ) is 

very high compared with the photon wave vector ( phK


) e.g, ( phK


<< K


e), so , 

( phK


) is neglected and equation (2-10) becomes as follows: 

if KK


                                                             ………... (2-11) 

There is an important relationship between forbidden energy gap (Eg) and 

photon energy hv( ), which is expressed by the following equation [78, 79]: 

r

gEhvAhv )(                                               …..……..(2-12) 

Where  
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A  :  is constant depending on properties of conduction and valance bands 

r : is constant and its value depends on the transition nature, where r=1/2 for 

allowed direct transitions , r=3/2 for forbidden direct transitions [78].  

At a forbidden direct transition condition, the excited electron transition will 

occur vertically, but from an adjacent region of allowed direct transition, 

i.e., from a region which is adjacent to the upper point of valance band to 

points which are adjacent to the lower point of conduction band on 

condition that the wave vector should stay the same, e.g. (K


=0) before 

and after transition, as shown in figure (2-7-b). It is worth to mention here 

that each of the two transitions does not depend on temperature [76]. 

 

2.10.2. The Indirect Transitions  

Semiconductors in which these kinds of transitions may occur are called 

indirect semiconductors, and these have indirect energy gap, while 

semiconductors in which direct transitions occur are called direct 

semiconductors and these have direct energy gap [55]. 

Indirect transitions occur when the location of the valance band top energy 

is not quite under the lower point of the conduction band bottom in (E- K


) 

curve. Electrons transition will be non-vertical from the valance band to 

conduction band, so that transition demands change in transited electron 

momentum. e.g. (K

0). Momentum of each electron and photon is not 

conserved. To achieve the momentum conservation, a third particle is 

needed and this particle is called phonon. This phonon awards the system 

the  required  momentum,  either  by  absorbing  phonon  with  momentum 

)]([ if kkh


  or by emission of phonon with momentum )]([ if kkh


 , thus, 

the conservation of momentum law is achieved as follows [56]:  

pfphi khkhkhkh


                                       ……………(2-13) 

Where pk


 :  is phonon wave vector. 
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The required energy for transition can be expressed by the following     

formula: 

pg EEhv                                                 …………….. (2-14) 

Where 
pE  : represents the absorbed (– sign) or emitted (+ sign) phonon 

energy.   

The following equation shows absorption coefficient of this kind of 

transitions [80]:  
r

pg EEhvBhv )(                                    ……………..(2-15) 

Where  

B : is constant depends on valance and conduction bands properties, and on 

temperature  

r:  is exponential coefficient equals 2 in allowed indirect transition and 

equals 3 in forbidden indirect transition . 

: is the phonon energy.  

The indirect transition occurred as shown in figure (2-7-c) when the 

electrons transition is not vertical and from the upper point in top valance 

band to the lower point in conduction band bottom, associated with 

changing in wave vector ( K


) before and after transition, e.g. (K

0). 

When the transition be also not vertical but from the adjacent points to the 

upper point in valance band to point in conduction band with changing in 

the value of  wave vector ( K


) before  and after transition, the transition is 

called the forbidden indirect transition, as shown in figure (2-7-d). 

Temperature plays an important role in indirect electron transitions as they 

increase with the increase in temperature. It should be noticed that in low 

temperatures there is a decrease in the probability of photon absorption 

because there are no phonons. Increasing the phonon emission accompany 

the electron transition process at high temperature, such transitions 

distinguished by their occurrence in all energies in conduction and valance 

p
E
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bands on condition that the conservation of energy and momentum laws are 

fulfilled  [76]. 

 

 

 

 

 

 

 

 

Figure( 2-7): Types of electronic transitions[78]. 

(a) allowed direct transition        (c) allowed indirect transition 

    (b) forbidden direct transition     (d) forbidden indirect transition. 

2.11. Optical Properties of Crystalline Semiconductors 

The study of the optical properties of a material is interesting for many 

reasons. Firstly, the use of materials in optical applications such as 

interference filters, optical fibers and reflective coating requires accurate 

knowledge of their optical constants over a wide range of wavelengths. 

Secondly, the optical properties of all materials may be related to their 

atomic structure, electronic band structure, and electrical properties. 

2.12. Transmittance (T) 

Transmittance (T) is given by ratio of the intensity of the rays (IT) 

transmitting through the film to the intensity of the incident rays (Io) as 

follows [78]: 

T = IT / Io                                              ……………… ( 2-16) 

2.13. Reflectance (R) 

Reflectance can be obtained from absorption and transmission spectrum in 

accordance to the law of conservation of energy by the relation [49]: 

R + T + A = 1                                     ........................( 2-17 ) 
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R is related to the refractive index and extinction coefficient of the material 

as follows [78]: 

22

22

)1(

)1(

o

o

kn

kn
R




                                …………….(2-18) 

R: reflectance  

n : Refractive Index 

oK  :  Extinction Coefficient 

When oK = 0 

 
 2

2

1

1






n

n
R                                             ……………..(2-19) 

2.14. Absorbance (A) 

Absorbance can be defined as the ratio between absorbed light intensity (IA) 

by material and the incident intensity of light (Io) [78]: 

A = IA / Io                                                                           ................(2-20) 

2.15. Absorption coefficient () 

When light proceeds from one medium into another (e.g. from air into a 

solid substance), some of the light radiation may be transmitted through the 

medium, some will be absorbed, and some will be reflected at interface 

between the two media. 

Absorption coefficient .may be defined as the decreasing ratio in incident 

ray energy in distance unit toward wave propagation inside the medium. 

Absorption coefficient is characteristic of the particular semiconductor 

material; furthermore, it varies with the incident photon energy (hv) and 

semiconductor property [60]. 

When incident photon energy is less than the energy gap, photon will 

transmit and the transmittance for thin film is given by the relation [78]: 

 

T=(1-R)2e-t                                              …………….(2-21) 
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Where: 

T: is transmittance, R: is Reflectance and t: is the thickness. 

The absorption coefficient can be estimated from the absorbance using the 

formula : 

  =(2.303×A)/t                                   ……..…… (2-22)  

2.16. Fundamental Absorption 

The absorption of light by intrinsic semiconducting material takes place by 

fundamental absorption process (FAP). 

The fundamental absorption refers to transition from band-to-band or to 

excitation transitions of an electron from the valance band to the conduction 

band. The fundamental absorption, which manifests itself by a rapid rise in 

absorption, can be used to determine the energy gap of the semiconductor 

[80].  

The cut off wavelength c is the fundamental absorption edge, that occurs 

when incident photon energy equals the forbidden gap energy (Eg) and it is 

given by the relation [79]: 

         
)(

1240
eVEg

nmc                             …………… (2-23) 

Figure (2-8) shows the variation of the absorption coefficient of the 

semiconductor as a function of wavelength. 

 

 

 

 

 

 

 

 

Figure (2-8): Fundamental absorption edge of crystal semiconductor [79]. 
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2.17. Optical Properties of Amorphous Semiconductors  

The optical properties of amorphous semiconductors study have big 

importance for knowing the composition of energy bands and its properties.   

As a result to have short range order and existence of the local levels and 

their tails inside the energy gap, the amorphous semiconductors absorption 

edge varies from that of crystalline, this can divide the fundamental 

absorption edge into three distinguished regions [79, 80] which are:  

2.17.1. High Absorption Region  

The absorption coefficient in this region is more or equal to ( 1410  cm ). 

This high absorption refers to electronic transitions from extended levels 

in valance bands to extended levels in conduction  bands, as shown in 

part A of figure (2-9),  as throughout this region, the forbidden energy 

gap ( gE ) can be recognized. The absorption coefficient ( ) is given at 

this region by the following relationship [79, 81]: 

r

go Ehvhv )(                                    ……………. (2-24) 

Where o : is constant depends on the type of transitions and hȞ : is the 

photon energy. 

 

2.17.2. Exponential Region  

Absorption coefficient value in this region ranges (1< <104) cm-1. The 

electronic transitions in this region are from tail state of valance band to the 

extended states in  the conduction band [80].  

Absorption coefficient can be expressed according to Urbach relation [79]:  

 
Eu

hv
o exp                                    …….…… (2-25) 

Where Eu : is urbach energy for localized states. 

Part B of figure (2-9) represents this region. 
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2.17.3. Low Absorption Region  

Absorption coefficient in this region is very small ( <1cm-1). The 

transitions occur between local states inside the forbidden energy gap (Eg) 

[54], as shown in part C of figure (2-9). 

This region depends on the nature of the material depending on its 

preparation and purity. 

 

 

 

 

 

 

 

 

Figure (2-9): The fundamental absorption edge and absorption 

regions [59]. 

2.18. Optical Energy Gap (g) 

The term “band gap” refers to the energy difference between the top of the 

valence band to the bottom of the conduction band. Electrons are able to 

jump from one band to another. In order for an electron to jump from a 

valence band to a conduction band, it requires a specific minimum amount 

of energy for the transition, the band gap energy. Measuring the band gap is 

important in the semiconductor and nanomaterial industries. The band gap 

energy of insulators is high (> 4eV), but lower for semiconductors (< 3eV). 

The energy band gap in some semiconductors tends to decrease as the 

temperature is increased [82]. 

The energy gap for allowed direct transition materials can be estimated by 

plotting a graph between (α hv )2 and ( hv ) in eV, a straight line is obtained 
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and the extrapolation of this line to (α hv )2  = 0 gives the value of the direct 

band gap of the material [83].  

 

2.19. Some Optical Parameters 

2.20.1. Refractive Index (n) 

It is the ratio of light velocity in vacuum (c) to its velocity in material (v) 

[84]. 

        n  = c / v                                             …………(2-26) 

The refractive index can be calculated using the relation [1]  

  
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2                           ………… (2-27) 

Where n: is the refractive index, R: is the reflectance and oK : is the 

extinction coefficient. 

The static refractive index (no) can be estimated by applying the dispersion 

relation proposed by Cauchy to the obtained n - Ȝ data. Cauchy’s equation is 

an empirical relationship between the refractive index and wavelength. The 

most general form of Cauchy's equation is: 

                        ………… (2-28)     

Where n is the refractive index, Ȝ is the wavelength, B, C, D, etc., 

are coefficients that can be determined for a material by fitting the n-Ȝ data 

to equation (2-28) [85]. 

The static refractive index no ( the refractive index at zero photon energy) 

can be obtained by taking the limit of n(Ȝ) as  Ȝ→ ∞ and it is found to be 

equal to B in equation (2-28) 

2.19.2. Extinction Coefficient (Ko) 

This represents the extinction occurring in the electromagnetic wave inside 

the material; it is also represented by the imaginary part of the complex 

http://en.wikipedia.org/wiki/Coefficient
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refraction index and is related to the absorption coefficient by the following 

relation [78]: 

 

40 K                                                        ..……….. (2-29)    

Where:  

oK  : is the extinction coefficient and  : is the wavelength of incident 

photon. 

2.19.3. Dielectric Constant (ε) 

When light is incident on the atoms in the material, a reaction between 

incident radiation and the charges of the material will happen. This will lead 

to a polarization of the charges of the material [86]. 

The dielectric constant can be represented by the flowing equation:-  

21 iεεε                                           .…………….(2-30) 

Where ε1 :  is the real part of the complex dielectric constant and ε2 :  is the 

imaginary part of it. For the calculation of the dielectric constant in its two 

parts one can use the following expressions:  

22
1 knε                                               ……………. (2-31) 

k22 n                                              ……………. (2-32)   
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3.1. Introduction 

This chapter involves the description of all the instruments and devices that 

were employed in the current study, the deposition parameters and the 

preparation of chemical solutions used in the study. It starts with the 

detailed description of the chemical spray pyrolysis system followed by the 

cleaning procedure and preparation of glass substrates, the discussion of 

various deposition parameters that may affect the films properties, the 

chemical reactions involved in the study, and finally the characterization 

techniques used in order to study the structural and optical properties of the 

deposited films. 

3.2. System of Chemical Spray Pyrolysis: 

Figure (3-1) illustrates a schematic diagram of the chemical spray pyrolysis 

system used in the preset work. The system consists of many simple parts as 

follows: 

 

 
 

 

 

 

 

 

 

 

 

 

Figure (3-1): Schematic diagram of the chemical spray pyrolysis system 
used in the preset work. 
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3.2.1. Sprayer Nozzle 

 

One of the basic advantages of the apparatus used is its simplicity in 

preparing thin films because it can be made mostly in any glass workshop 

with a relatively low cost.  

The apparatus consists of small bulb of about 100 ml in volume opened 

from above in circular aperture of 1.5 cm in radius; the small bulb has a 

height of about 8 cm. The bulb is used as a tank for solutions to be 

deposited on the substrates. In the bottom of the bulb there is a valve used to 

control the descending solution to a capillary tube of (0.1 cm) diameter and 

(6 cm) length.  

The glass room is closed from the upper side because it joins the capillary, 

and it is opened from the bottom surrounding the capillary tube. The glass 

room has a side opening for the passage of the compressed air which  goes 

out from  the  bottom  opening, thus the out – coming  solution is  mixed 

with the compressed air  and it will be in a spray form in a direction toward 

the substrate which the thin film is  deposited on it. Figure (3-2) shows the 

schematic diagram of the sprayer nozzle used in our work. 

 

 

 

 

 

 

 

 

 

 

Figure (3-2): Schematic diagram of the spray nozzle. 
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3.2.2. Electrical Heater 

The heater is used for heating the plate on which the glass substrate is 

placed, to deposit the thin film. In this study the temperature used was 400 

±5 oC. 

3.2.3. Thermocouple  

This includes a sensitive thermal wire; it is attached to the hot plate and 

joined to the digital temperature controller which fixes the temperature of 

the surface of the plate to the desired value. 

 

3.2.4. Air compressor  

The compressor pushes the pressurized air inside the glass room; this leads 

to make the solution flows from the capillary tube to the glass substrates, as 

soft spray. 

 

3.2.5. Chamber 

The system is placed inside a homemade chamber connected to ventilator to 

evacuate the hazardous gases. 

 

3-.2.6. Flowmeter 

A flowmeter is device used to measure and control the flow rate or quantity 

of a gas in pipe to sprayer nozzle . It consists of three parts, control valve,  

nipple pipe and float ball. Figure (3-3) shows the flowmeter device used in 

the system of the current study. 
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Figure (3-3): Flowmeter device. 

 

3.3. Parameters Affect The Films Deposition: 
  
3.3.1. Substrate Temperature 

The substrate temperature is one of the important parameters in preparing 

thin films. It has a significant effect upon the homogeneity of the 

prepared films, because it is responsible for the variation of the crystal 

structure of the material that affects the physical properties of the 

materials. 

3.3.2. Spraying Rate 

This parameter affects the homogeneity and thickness of the prepared 

films. One can control this parameter via nozzle valve, taking into 

account that the increment in sprayer rate might cause a significant 

decrease in substrate temperature and lead to substrate crush. 

The spraying rate of the films in this study was kept at (5 ml/min) to 

ensure a good stoichiometry and obtain a homogenous film. 

 

3.3.3. Spraying Time 

Spraying operation should be uniform, thus it is important to control the 

time period between every spraying. The spraying time period was 10 sec 

with 2 minutes wait between any two successive sprayings. 
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3.3.4. Nozzle Distance From The Substrate 

The normal distance from the end of the capillary tube to the substrate is 

one of the important parameters to obtain uniform film. In the present 

experiment the best height for the nozzle spray was (30) cm, any excess 

in this distance causes scattering of the atomized solution away from the 

substrate, also any decrease in this distance will cause the collection of 

solution drops in one spot and this will affect film homogeneity. 

 

3.3.5. Air Pressure 

The air pressure inside the glass room was adjusted to obtain fine 

atomizes in order to avoid the rapid decrease in substrate temperature 

which will cause the glass substrate to be broken. In this study the air 

pressure was kept at (1.5 bar) to get uniform films. 

 

3.3.6. The Drops Size Effect 

The size of drops has an important effect to obtain best deposition 

processes. Figure (3-4) shows the drops size effect on the preparation of 

homogenous thin films [87]: 

Case A: 

In this case, the drops size is large; therefore, the absorbed heat is not 

enough for solution evaporation. So, when the drop collides with the 

substrate it produces solid precipitate after solvent evaporation with a high 

decreasing rate in substrate temperature which causes the formation of inner 

potentials and leads to obtain a heterogeneous thin film and this affects the 

physical properties of the thin film.  
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Case B: 

This represents the chemical spray pyrolysis operation, which gives the 

perfect properties for the thin film. In this case, the fine drops will evaporate 

in a short time before they reach the substrate, i.e. the particles reach the 

heated substrate as vapor phase, thus it can get enough heat to elevate its 

temperature, and therefore, the reaction on the substrate will take place. 

Case C: 

In this case, the drops are dried before they reach the substrate and become 

as powder on the substrate, which is distributed and condensed as smooth 

grains on the substrate surface, it can easily be removed because its 

adhesion to the substrate is weak, this case happens when the spray distance 

is large. 

 

 Figure (3-4): The drops size effect. 
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3.4. Substrates Cleaning  

Glass substrates on which Ni(1-x)CoxO thin films were deposited are soda-

lime glass made in china (China National Machinery) of the dimensions of 

(2.5×2.5) cm2 and thickness of (0.1) cm. The slides are high-quality glass 

with low iron content, no green tint is observed and their transparency is 

high. 

The cleaning of the substrate is very important because it has a great effect 

on the properties of the films. The process can be summarized by the 

following steps[88]: 

1. Cleaning the glass slides by using a cleaning solution to remove any oil 

or dust that might be on the surface of the substrate and then they are placed 

in distilled water for ten minutes. 

2. Immersing the substrates in a pure alcohol solution which reacts with 

contamination such as grease and some oxides, this process is fulfilled 

accurately by rewashing the substrates in the Ultrasonic Bath (Bran sonic 

220) for 10 minutes. 

3. Placing the glass slides in a clean beaker containing distilled water and 

then rinsing them in an Ultrasonic Bath for 10 minutes. 

4. Drying the slides by wiping them with soft paper or use electrical oven.  

3.5.The Raw Materials                                                                       

The materials used  in the present study are: 

3.5.1. Nickel Nitrate  

Nickel nitrate  hexahydrate is a green monoclinic system crystal. table (3-1) 

shows the physical and chemical properties of Nickel nitrate. 
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Table (3-1): The physical and chemical properties of Nickel nitrate 

 

 

 

 

 

 

 

 

 

 

 

Nickel Nitrate Chemical name 

Ni(NO3)2.6H2O Molecular formula 

290.811 g/mol Molecular weight 

Green Color 

2.05 g/cm3 Density 

56.7οC Melting point 

 

3.5.2.   Cobalt Nitrate                                                      

Superior  quality  cobalt nitrate  which is  derived  from reacting  metallic  

cobalt or one of its oxides, hydroxides, or carbonate with nitric acid.  This 

cobalt nitrate is commonly used in dyes and inks as well as a common  source 

of cobalt in metal organic  frameworks [89]. Table (3-2) shows the physical 

and chemical properties of Cobalt nitrate.                                                            

 

Table (3-2): The physical and chemical properties of Cobalt nitrate 

Cobalt Nitrate Chemical name 

Co(NO3)2.6H2O Molecular formula 

291.03 g/mol Molecular weight 

Red Color 

1.87 g/cm3 Density 

55οC Melting point 
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3.6. Preparation of The Spray Solution 

The Ni(1-x)CoxO thin films were prepared by spraying aqueous solution of 

nickel nitrate Ni(NO3)2.6H2O [Shenyang Meiyao Chemical Co, Ltd, China, 

Purity 99.9%   make] and cobalt nitrate Co(NO3)2.6H2O [Shenyang Meiyao 

Chemical Co, Ltd, China, Purity 99.9%   make]. where x= (0, 4, 6, and 8)%. 

precursor salt with different molarities (0.05M, 0.1 M, 0.15M and 0.2 M). 

This solution was prepared by dissolving appropriate amount of 

Ni(NO3)2.6H2O, which is a powder of white green with molecular weight of 

290.811g/mol, in distilled water and appropriate amount of Co(NO3)2.6H2O, 

which is a powder of red color with molecular weight of 291.03 g/mol, in 

distilled water too. The appropriate weight (Wt) of the materials 

Ni(NO3)2.6H2O and Co(NO3)2.6H2O were determined by using the 

following equation [90]: 

 
M = ( Wt / Mwt ) * ( 1000 / V )        …………….(3-1) 

 

Where M : is the molar concentration, taken to be equal to (0.05 M- 

0.2M) for [Ni(NO3)2. 6H2O] and [Co(NO3)2. 6H2O  ]  

Mwt : is the molecular weight of the material (g/mol) . 

V : is the volume of distilled water (ml). 

Wt: is the weight (g) 

The weights of Ni(NO3)2.6H2O and Co(NO3)2.6H2O were measured by 

sensitive electronic balance (Mettler, AE -160) with four digits (10-4 g) 

sensitivity. Mixing the solutions was carried out by using (Magnetic Stirrer) 

and leaving the solution for 30 minutes to make sure that no residues were 

left and to ensure the homogeneity of the resultant solution. The resultant 

solution was sprayed on glass substrate kept at (400 ±5ºC). When the 

solution is sprayed, the reaction takes place at the surface of the heated 
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substrate. The resultant films were stable and have good adhesive 

properties. Film thickness was estimated by employing the Gravimetric 

method. The formation of nickel oxide thin films was achieved according to 

the following chemical reaction [91]: 

Table (3-3) shows the volumetric ratios of the solutions used in the 

preparation of thin films. 

Table (3-3): Volumetric ratios of the solutions used in the preparation of 
thin films 

 
 

 

 

 

3.7. Thickness Measurement 

Thickness is one of the most important thin film parameters since it largely 

determines the properties of the film. The thickness of the films is usually 

measured by monitoring the rate of the deposition during the coating 

process. However there are several methods used for measuring thickness of 

the film, such as gravimetric, optical, electrical and other methods. In the 

current experiment the thickness of the thin films was measured by the 

gravimetric method.  

 

 

Percentage Solution of 
Ni(NO3)2. 6H2O 

solution of 
Co(NO3)2. 6H2O 

Undoped 100 0 

(4)% 96 4 

(6)% 94 6 

(8)% 92 8 
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The Gravimetric Method 

This method is done by using sensitive electronic balance (Mettler, AE -

160) with four digits sensitivity (10-4 g). The substrates are weighted before 

and after deposition. From the weight difference and the area of substrate, 

the thin film thickness (t) can be measured, according to the following 

equation [92]: 

 
sA

m
t

0


                                     …………………..(3-3) 

Where: 

m : is the weight difference of substrate. This means that it is the mass of 

the thin film (g). 

A s: area  of the thin film (cm2),  0: the density of material of the thin film 

(6.67 g cm3) for nickel oxide and (6.45 g cm3) for cobalt oxide, the density 

of material calculated from: 

Total density(o)=density of NiO x its percentage in the solution + density 

of CoO x its percentage in the solution           . .………..(3-4) 

                                                                                                                                              

3.8. Structural Measurements 

X-ray diffraction (XRD) analysis was used to investigate the crystal 

structure of (Ni(1-x)CoxO) thin films. When incident (X-ray) beam of mono 

wavelength diffracts on film surface this will exhibit peaks on specific 

angles for each material because of Bragg's reflection on parallel crystalline 

surface. The X-ray diffraction instrument used in this study (Shimadzu 

6000) having the following properties: 
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1. Source: Cu kα radiation of Ȝ=1.5406 Å . 
2. Current: 30 mA. 

3. High voltage: 40 kV. 

4. Speed  : 5 deg / min 

5. Incident angle from 20 to 70 degrees. 

3.9. Atomic Force Microscope (AFM) 

Atomic Force Microscopy studies were made by using (Scanning probe 

Microscope type (SPM- AA3000), contact mode, supplied by Angstrom 

Advanced Inc.2008, USA. 

3.10. Optical Measurements  

The optical transmission and absorption spectra of the (Ni(1-x)CoxO) thin 

films in the visible  and NIR  regions ( 300 -900 nm) have been recorded 

using (UV–Visible1800 Double beam spectrophotometer) made by 

(Shimadzu), Japanese company. Substrate transmission was recorded by 

placing an identical glass substrate in the reference beam. The data from 

transmission spectrum can be used in the calculation of the optical 

constants. A computer program (Origin) was employed to obtain the optical 

constants, absorption coefficient ( α ), extinction coefficient ( Ko ) and 

refractive index (n) of ( Ni(1-x)CoxO) thin films. 
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4.1. Introduction 

This chapter includes the description and the analysis of the measurements 

and the discussion of the results. It focuses on the structural and optical 

properties of  Nickel-Cobalt Oxide (Ni(1-x)CoxO) thin films, where x = 0, 4, 

6 and 8 % with different molarities (0.05, 0.1, 0.15 and 0.2 M). These films 

have been deposited on glass substrates by chemical spray pyrolysis (CSP) 

technique at substrate temperature equal to (400 ±5 oC)  and thickness of  

about 300 ±10 nm. 

Figure (4-1) shows the photo images of  Nickel-Cobalt Oxide  (Ni(1-x)CoxO) 

thin films, where x = 0, 4, 6 and 8 % with different molarities (0.05, 0.1, 

0.15 and 0.2 M). It is reported that the stoichiometrically correct NiO thin 

films are expected to have green color [16]; however, the undoped NiO thin 

films deposited in the present study have black-grey color which can be 

attributed to non-stoichiometry of the deposited material. It can also be 

observed that the Co-doped NiO thin films are accompanied by a color 

change from black to orange. This change of color is attributed to the cobalt 

doping. It can be noticed also that the color density of the deposited films 

increases as Co-concentration and molarity increase. 

 

 

 

 

 

 

Figure (4-1): Photo image of  Nickel-Cobalt Oxide thin films deposited in 

the present study. 
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4.2. Structural Analysis 

XRD patterns of  all the deposited samples of Nickel-Cobalt Oxide  thin 

films are shown in figures (4-2), (4-3), (4-4) and (4-5). From the figures, it 

can be noticed that all the patterns exhibit diffraction peaks around  (2θ~37ο, 

43ο and 63ο) referred to (111), (200), and (220) favorite  directions 

respectively which is in agreement with the Joint Committee of Powder 

Diffraction Standards  (JCPDS) card number 04-0835 as shown in figure (4-

6). The strongest peak occurs at 2θ~37o  which is referred to (111) plane. 

The positions of the peaks and the presence of more than one diffraction 

peak  lead to the conclusion that  the films are polycrystalline in nature with 

a cubic  crystalline structure, which is in agreement with other reports [42,  

43]. 

Figure (4-2) shows  the XRD patterns of  the undoped (NiO) thin films at 

different molarities. It can be observed that the films are polycrystalline in 

nature with cubic structure. The intensity of the peak corresponding to (111) 

plane increases as the molarity increases except for the sample deposited at 

0.1 M. It can be noticed that 2θ for (111) direction  decreases with molarity 

increasing, which is in agreement with other studies [44],  as shown in table 

(4-1). The average crystallite size of the films was estimated for (111) 

direction  by Scherrer formula and it was maximum (~51nm) for the film 

prepared at 0.1 M. 

 

 

 

 

 
Figure (4-2): XRD patterns of  undoped (NiO) thin films at different 

molarities. 
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Table (4-1): X-ray diffraction data of undoped NiO thin films at different 

molarities. 

 

 

 

 

 

 

 

 

 

 

 

 

Table (4-2) shows the lattice constant (ao) and texture coefficient (Tc) for 

the undoped NiO thin films.  

Table (4-2): XRD results of the undoped NiO thin films at different 

molarities. 

 

 

 

 

 

 

 

 

 

 

       

      hkl 
 

d (Å) 
 

2Ө (deg) 
 

Molarity 
(M) 

 
 
 
 
 
 
 
 
 
 

Undoped  NiO 
 
 
 
 
 
 
 
 
 
 
 
 
 

(111) 2.40347 37.3854  
 

0.05 
 

(200) 2.0796 43.4816 

(220) 1.46959 63.2233 

(111) 
 

2.41167 37.2539 
 

 
 

0.1 (200) 2.08782 43.3017 
 

(220) 1.46949 62.2283 
 

(111) 2.41341 37.2260  
 

0.15 
(200) 2.08966 43.2617 

(220) 
 

1.48286 62.5935 

(111) 2.41613 37.1826 
 

 
 

0.2 (200) 2.09334 43.1818 

(220) 1.47672 62.8834 

undoped NiO 
 

0.2 
 

0.15 
 

0.1 
 

0.05 
 

 
Molarity 

(M)  
37.1826 37.2260 37.2539 37.3854 2Ө (deg) 

(111) (111) (111) (111) hkl 

2.41613 2.41341 2.41167 2.40347 d (Å) 

0.0134 0.0118 0.0028 0.0136 (FWHM) 
(rad) 

10.84 12.33 51.16 10.76 (Dav) nm 

 
4.1848 

 
4.1802 

 
 4.1771 

 
4.1629 

Lattice 
Constants a◦ 

(Å) 
2.18 1.89 1.72 1.92 Tc 
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It is clear that the texture coefficient Tc values are  >1 for all films 

indicating that there are numerous grains in the (111) favorite direction. It 

can be noticed also that the lattice constant (ao) increases as the molarity 

increases. It should be mentioned here that the standard ao  value for NiO is 

4.176 Å as shown in figure (4-6) which indicates that the film prepared at 

0.1M has the nearest ao value to the standard lattice constant. 

Figure (4-3) shows  XRD patterns of  (Ni0.96Co0.04O) thin films at different 

molarities. Ones can observe  that there is a little shift of 2 location. The 

shift in peak position is may be due to the variation of the ionic radius of the 

Co dopant (Ni= 0.69Å,  Co=0.745Å). It can be observed  that no peaks 

correspond to the Co dopping exist in the XRD patterns. In fact, doping  

with low concentration  impurities does not result in the appearance of new 

XRD peaks, but  instead leads to a shift in the lattice parameters of the host 

material. This shift may arise from the strain induced when the dopant is 

incorporated into the crystal lattice [93]. The intensity of the (111) plane 

increases as the molarity increases. The average crystallite size of the films 

was estimated for (111) direction  by Scherrer formula and it was maximum 

(~ 44.94nm) for the film prepared at 0.05 M. 

 

 

 

 

 

 

 

 
 
 

Figure: (4-3): XRD patterns of (Ni0.96Co0.04O) thin films at different 
molarities. 

20 30 40 50 60 70

In
te

n
si

ty
 (

a
r.

u
)

2


(111)

(200)

Ni
0.96

Co
0.04

O

(220) 0.2M

0.15M

0.1M

0.05M



Chapter Four                                                          Results and Discussion 

 

 

 

54 

Table (4-3): X-ray diffraction data of Ni0.96Co0.04O  thin films at different 

molarities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (4-4) shows the lattice constant (ao) and texture coefficient (Tc) for 

the Ni0.96Co0.04O thin films. 

Table (4-4): XRD results of  Ni0.96Co0.04O thin films at different molarities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

hkl 
 

d (Å) 
 

2Ө (deg) 
 

Molarity 
(M) 

 
 
 
 
 
 
 
 
 
 

Ni0.96Co0.04O 
 
 
 
 
 
 
 
 
 
 
 
 
 

(111) 2.40244 37.4024  
 

0.05 
 

(200) 2.09766 43.0884 

(220) 1.46368 63.5082 

(111) 2.41571 37.1893  
 

0.1 (200) 2.07960 43.4816 

(220) 1.48010 62.7234 

(111) 2.41446 37.2093  
 

0.15 (200) 2.09103 43.2318 

(220) 1.47819 62.8134 

(111) 2.39883 37.4608  
 

0.2 (200) 2.07687 43.5416 

(220) 1.47587 62.9234 

Ni0.96Co0.04O 

 
0.2 

 
0.15 

 

 
0.1 

 
0.05 

 
Molarity (M)  

37.4608 37.2093 37.1893 37.4024 2Ө (deg) 

(111) (111) (111) (111) hkl 

2.39883 2.41446 2.41571 2.40244 d (Å) 

0.012 0.0155 0.0134 0.0054 (FWHM) 
(rad) 

12.13 9.38 10.85 44.94 (Dav) nm 

 
4.1548 

 
4.1884 

 
4.1896 

 
4.1586 

Lattice 
Constants a◦ 

(Å) 
2.56 1.85 2.46 1.58 Tc 
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It is clear that the texture coefficient Tc values are  >1 for all films 

indicating that there are numerous grains in the (111) favorite direction. The 

film prepared at 0.15M has the nearest ao value to the standard lattice 

constant (4.176 Å). 

Figure (4-4) shows the XRD patterns of  (Ni0.94Co0.06O) thin films at 

different molarities. It can be noticed that 2θ for (111) direction  decreases  

with molarity increasing, as shown in table (4-5). The intensity of the peak 

corresponding to (111) plane increases as the molarity increases except for 

the sample deposited at 0.1 M. The average crystallite size of the films was 

estimated for  (111) direction  by Scherrer  formula  and  it was maximum 

(~ 12nm) for the film prepared at 0.05 M. 

 

 

 

 

 

 

 

 

 

 

 

 Figure (4-4): XRD patterns of (Ni0.94Co0.06O) thin films at different 

molarities. 
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Table (4-5): X-ray diffraction data of Ni0.94Co0.06O thin films at different 

molarities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (4-6) shows the lattice constant (ao) and texture coefficient (Tc) for 

the Ni0.94Co0.06O thin films. 

Table (4-6): XRD results of Ni0.94Co0.06O thin films at different molarities. 

 

 

 

 

 

 

 

 

 

 

 

hkl 
 

d (Å) 
 

2Ө (deg) 
 

Molarity 
(M) 

 
 
 
 
 
 
 
 
 
 

Ni0.94Co0.06O 
 
 
 
 
 
 
 
 
 
 
 
 
 

(111) 2.41217 37.2459  
 

0.05 
 

(200) 2.07778 43.5216 

(220 1.47883 62.7834 

(111) 2.41843 37.146  
 

0.1 (200) 
 

2.09195 43.2118 
 

(220) 
 

1.46980 63.2133 

(111) 
 

2.41969 37.126  
 

0.15 (200) 
 

2.10868 42.852 

(220) 1.47524 62.9534 

(111) 2.42031 37.116  
 

0.2 (200) 
 

2.09149 43.2218 

(220) 1.46091 63.6431 

Ni0.94Co0.06O 

 
0.2 

 
0.15 

 
0.1 

 
0.05 

 

 
Molarity (M)  

37.116 37.126 37.1460 37.2459 2Ө (deg) 

(111) (111) (111) (111) hkl 

2.42031 2.41969 2.41843 2.41217 d (Å) 

0.0163 0.016 0.0177 0.0115 (FWHM) (rad) 

8.91 9.11 8.22 12.71 (Dav) nm 

4.191 4.1921 4.1841 4.178 Lattice Constants 
a◦ (Å) 

2.57 2.31 1.68 2.18 Tc 
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It is clear that the texture coefficient Tc values are  >1 for all films 

indicating that there are numerous grains in the (111) favorite direction. It 

can be noticed also that the lattice constant (ao) increases rabidly as the 

molarity increases. It should be mentioned here that the standard ao  value 

for NiO is 4.176 Å as shown in figure (4-6) which indicates that the film 

prepared at 0.05M has the nearest ao value to the standard lattice constant. 

 

Figure (4-5) shows the  XRD patterns of  (Ni0.92Co0.08O) thin films at 

different molarities. It can be observed that the films are polycrystalline in 

nature with cubic structure. It can be noticed that 2θ for (111) direction  

increases with molarity decreasing,  as shown in table (4-7). The intensity of 

the peak corresponding to (111) plane decreases as the molarity increases. 

The average crystallite size of the films was estimated for (111) direction  

by Scherrer formula and it was maximum (~ 49nm) for the film prepared at 

0.2 M. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-5): XRD pattern of (Ni0.92Co0.08O) thin films at different 
molarities. 
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Table (4-7): X-ray diffraction data of Ni0.92Co0.08O thin films at different 
molarities. 

 

 

 

 

 

 

 

 

 

 

Table (4-8) shows the lattice constant (ao) and texture coefficient (Tc) for 

the Ni0.92Co0.08O thin films.  

Table (4-8): XRD results of Ni0.92Co0.08O thin films at different molarities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

hkl 
 

d (Å) 
 

2Ө (deg) 
 

Molarity 
(M) 

 
 

  
 
 
 
 
 
 
 

Ni0.92Co0.068O 
 
 
 
 
 
 
 
 
 
 
 
 
 

(111) 2.41655 37.1760  
 

0.05 
 

(200) 2.08278 43.411 

(220) 1.46897 63.2533 

(111) 2.41623 37.1810  
 

0.1 (200) 2.06964 43.7015 

(220) 1.47925 62.7634 

(111) 2.41279 37.236  
 

0.15 (200) 2.08644 43.3317 

(220) 1.47608 62.9134 

(111) 2.40094 37.4265  
 

0.2 (200) 2.09461 43.1543 

(220) 1.47766 62.8384 

Ni0.92Co0.08O 

 
0.2 

 
0.15 

 
0.1 

 

 
0.05 

 
Molarity (M) 

37.4265 37.236 37.1810 37.1760 2Ө (deg) 

(111) (111) (111) (111) hkl 

2.41438 2.41579 2.41623 2.41655 d (Å) 

0.003 0.0052 0.0144 0.0167 (FWHM) (rad) 

49.51 27.97 10.1 8.75 (Dav) nm 

4.1585 4.1788 4.1850 4.1855 Lattice Constants a◦ 
(Å) 

1.93 1.08 2.18 1.8 Tc 
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It is clear that the texture coefficient Tc values are  >1 for all films 

indicating that there are numerous grains in the (111) favorite direction. It 

can be noticed also that the lattice constant (ao) decreases as the molarity 

increases. The film prepared at 0.15M has the nearest ao value to the 

standard lattice constant. 

 

 

 

 

 

 

Figure (4-6): (JCPDS) card number 04-0835. 

4.2.1. The crystallite size (Dav) 

І. Calculation of crystallite size using Scherrer formula: 

The crystallite size of Nickel-Cobalt Oxide  (Ni(1-x)CoxO) thin films, where 

x = 0, 4, 6 and 8 %  prepared with different molarities (0.05, 0.1, 0.15 and 

0.2 M) can be calculated by using  Scherrer formula (2-3) for the (111) 

plane. Figure (4-7) shows the crystallite size as a function of molarity values 

for all samples. It is observed that the crystallite size for the  undoped NiO 

thin films increases as the  molarity increases from 0.05M to 0.1M to reach  

its maximum value  of (51.16nm). The crystallite size then  decreases as the 

molarity increases further to reach its minimum value of (10.84nm) at 0.2M 

as shown in figure (4-7). The crystallite size for the  (Ni0.96Co0.04O) thin 

films decreases from (44.94 nm) as the  molarity increases from 0.05M to 

0.15M to reach  its minimum value  of  (9.38nm). The crystallite size then  
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increases slowly as the molarity increases further to reach the value of 

(12.13nm) at 0.2M as shown in figure (4-7). The  (Ni0.94Co0.06O)  thin films 

decrease as the  molarity increases from 0.05M to 0.1M to reach  the value  

of (8.22 nm). The crystallite size then  increases as the molarity increases 

further to reach the value of (8.91nm) at 0.2M as shown in figure (4-7). The  

(Ni0.92Co0.08O)  thin films increase as the  molarity increases from 0.05M to 

0.2M to reach  its maximum value  of (49.51nm)[42]. The larger crystallite 

size values indicate better crystallization of  the  films. as shown in figure 

(4-7).    

 

 

 

 

 

 

 

 

 

Figure(4-7): The crystallite size  (Dav) of (Ni(1-x)CoxO) thin films, where x = 
0, 4, 6 and 8 % at different molarities. 

ІІ. Calculation of crystallite size by Willamson-Hall analysis: 

The crystallite size can be estimated  using  W-H equation (2-6) for (111), 

(200) and (220) planes. A plot is drawn with (4sinθ ) along the x-axis and 

(βhkl cosθ) along the y-axis for (Ni(1-x)CoxO) thin films as shown in figures 

(4-8), (4-9), (4-10) and (4-11). From the linear fit of the data, the crystallite 

size was estimated from the y-intercept, and the microstrain S, from the 
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slope of the fit. The micro strains are induced during the growth of thin 

films, and will be raised from stretching or compression in the  lattice. The 

strain broadening is caused by varying displacements of the atoms with 

respect to their reference lattice positions [47, 66]. From the results, it was 

observed that the strain value decreased but the particle size increased [67, 

94, 95]. Figures (4-8), (4-9), (4-10) and (4-11) show the W-H plots for all 

samples and table (4-9) summarizes the results obtained from W-H analysis. 

The crystallite size values calculated by scherrer formula were depicted in 

table (4-9) for comparison. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-8): The W-H analysis of  undoped  NiO thin films at different 
molarities. 
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Figure (4-9): The W-H analysis of Ni0.96Co0.04O thin films at different 

molarities. 
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Figure (4-10): The W-H analysis of Ni0.94Co0.06O thin films at different 
molarities. 
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Figure (4-11): The W-H analysis of Ni0.92Co0.08O thin films at different 
molarities. 
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Table (4-9): Crystallite size  by using  Scherrer formula and Williamson-
Hall  methods and the microstrain induced in the prepared films.  

 

4.2.2. Dislocation Density (į) 

The dislocation density is the measure of amount of defects in a crystal. The 

small value of dislocation density obtained in the present work confirmed 

good crystallinity of the Nickel-Cobalt Oxide thin films fabricated by 

employing spray pyrolysis technique. It can be seen that  the dislocation 

density of prepared films have values in the range of  (0.3 to 14.8)10-17 cm-2, 

as shown in table (4-10). which is in agreement with other studies [42],  

4.2.3. The Number of crystals (No) 

The number of crystals  per unit area was calculated  using equations (2-9), 

It can be seen that  the number of crystals of prepared films have values in 

the range of  (2.4 to 540.1)10-17cm-2 as shown in table (4-10).  
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Micro 

strain S 
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0.05 10.76 6.02 -8.57 44.94 20.57 -2.19 

0.1 51.16 45.01 -0.62 10.85 6.48 -9.43 

0.15 12.33 5 -11.87 9.38 4.7 -11.65 

0.2 10.84 6.24 -8.26 12.13 4.95 -11.76 

 Ni0.94Co0.06O Ni0.92Co0.08O 
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Micro 
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0.05 12.71 5.92 -9.86 8.75 1.52 -58.74 

0.1 8.22 4.73 -13.07 10.1 5.46 -11.9 

0.15 9.11 6.39 -8.63 27.97 1.52 -44.81 

0.2 8.91 4.77 -14.21 49.51 5.48 -0.57 
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Table (4-10): Dislocation density (į) and number of crystallites (No) for the 

Nickel-Cobalt Oxide thin films. 

 

 

4.3.Results of Atomic Force Microscope (AFM)   

The morphological investigation of  Nickel-Cobalt Oxide (Ni(1-x)CoxO) thin 

films, where x = 0, 6 and 8 % with different molarities (0.05M, 0.1 M, 

0.15M and 0.2 M), deposited on glass substrates at 400 ±5 oC was 

accomplished by using AFM. The size of the scanned area was (2x2) µm2. 

Figure (4-12) shows the AFM images of undoped NiO thin films 

synthesized at different molarities. The average grain size, average 

roughness and root mean square (RMS) roughness for undoped NiO, 

estimated from AFM, are given in Table (4-11). The samples prepared at 

molarity of 0.1M has highest  average grain size,  average roughness and 

RMS roughness of the film. The increasing of the grain size may be caused 

by columnar grain growth in the structure, which is in agreement with other 

studies [43]. 

 

 

undoped NiO Ni0.96Co0.04O 
 

Molarity 

(M) 

0.05 
 

0.1 
 

0.15 0.2 0.05 
 

0.1 
 

0.15 0.2 

į *10-17 
(cm)-2 

8.6 0.3 6.5 8.5 0. 4 8.4 11.3 6.7 

No*10-17  
(cm)-2 

240.5 22 160 235.2 3.3 234.7 363.5 168 

Ni0.94Co0.06O Ni0.92Co0.08O 

Molarity 

(M) 

0.05 
 

0.1 
 

0.15 0.2 0.05 
 

0.1 
 

0.15 0.2 

į *10-17 
(cm)-2 

6.1 14.8 12 12.5 13 9.7 1.2 0.4 

No*10-17 

 (cm)-2 
146.11 540.1 396.7 242 447.8 291.1 13.4 2.4 



Chapter Four                                                          Results and Discussion 

 

 

 

67 

Figure (4-12): 3D AFM images of undoped  NiO thin films  at  different 

molarities. 

The grain size values shown in table (4-11), (4-12) and (4-13) are estimated 

from the granularity report which is generated by the AFM instrument 

through a special computer program. 

 

Table (4-11): Surface roughness, root mean square (RMS) and grain size of 

undoped NiO thin films at different molarities. 
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83.84 0.459 0.378 0.05 

133.8 1.05 0.89 0.1 

98.77 0.615 0.517 0.15 

98 1.1 0.864 0.2 
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Figure (4-13) shows the AFM images of Ni0.94Co0.06O thin films synthesized 

at different molarities. The average grain size, average roughness and root 

mean square (RMS) roughness for Ni0.94Co0.06O, estimated from AFM, are 

given in Table (4-12). The sample prepared at molarity of 0.05M has 

highest grain size, average roughness and RMS roughness of the film. The 

results of grain  size obtained from AFM investigation  are qualitatively  in 

agreement with those obtained from XRD analysis shown in Table (4-6). 

 

 

 

 

Figure (4-13): 3D AFM images of  Ni0.94Co0.06O thin films at different 

molarities. 
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Table (4-12): Surface roughness, root mean square (RMS) and grain size of 

Ni0.94Co0.06O  thin films at different molarities. 

 

 

 

 

 

 

 

Figure (4-14) shows the AFM images of Ni0.92Co0.08O thin films synthesized 

at different molarities. The average grain size, average roughness and root 

mean square (RMS) roughness for Ni0.92Co0.08O, estimated from AFM, are 

given in Table (4-13). The average grain size, average roughness and RMS 

roughness of the film increased with increasing the molarity.  The sample 

prepared at molarity of 0.2M has highest average grain size, average 

roughness and RMS roughness of the film. 

 

Figure (4-14): 3D AFM images of Ni0.92Co0.08O thin films at different 
molarities. 
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Molarity 
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139.38 2.26 1.88 0.05 

131.15 0.829 0.634 0.1 

132.93 1.77 1.4 0.15 

91.08 0.697 0.577 0.2 
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Table (4-13): Surface roughness, root mean square (RMS) and grain size of 

Ni0.92Co0.08O thin films at different molarities. 

 

 

 

 

 

 

 

4.4. Optical Properties  

The optical measurement results include relations of the transmittance and 

absorbance with wavelength for Nickel-Cobalt Oxide (Ni(1-x)CoxO) thin 

films, where x = 0, 4, 6 and 8 % with different molarities (0.05, 0.1, 0.15 

and 0.2 M) and computing some optical parameters like absorption 

coefficient, refractive index, extinction coefficient, real and imaginary part 

of dielectric constant, optical energy gap and Urbach energy. 

4.4.1. Transmittance (T) 

Figure (4-15) shows  the relation between transmittance and wavelength in 

the range of (300 - 900 nm) for Nickel-Cobalt Oxide thin films. The  

transmittance for all thin films increases as the wavelength increases in the 

range of (300- 350 nm), and then increases slowly at higher wavelenghts. 

The spectrum shows high transmittance in the visible and infrared regions, 

and low in the ultraviolet region. Also, ones can observe in this figure that 

the fundamental absorption edge (absorption edge which separates the high 

absorption region and the low absorption region or the window region) is 

sharp in the visible region at the wavelength (680 nm) of the spectrum.  
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Molarity 
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85.23 0.29 0.243 0.05 

88.84 0.293 0.247 0.1 

96 0.756 0.63 0.15 

111.18 1.21 1 0.2 
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Figure (4-15a) shows the transmittance with wavelength of undoped NiO  

thin films. The maximum transmittance observed of undoped NiO thin films 

was  about 85%  at 0.1M. Figures (4-15b) and (4-15c) show the 

transmittance as a function of wavelength of Ni0.96Co0.04O and Ni0.94Co0.06O  

thin films. The transmittance decreases with increase in the molarity of the 

solution. The molarity 0.05M has a maximum transmittance of nearly equal 

to 85%. Figure (4-15d) shows the transmittance as a function wavelength 

for Ni0.92Co0.08O thin films. The transmittance increases  with increase in the 

molarity of the solution and the molarity 0.2M has a maximum 

transmittance of nearly equal to 85%, these results are in agreement with 

other studies [39, 42, 43]. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-15): Transmittance (T) versus wavelength (Ȝ) of Nickel-Cobalt 

Oxide thin films at different molarities. 
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4.4.2. Absorbance (A) 

The variation of the absorbance spectrum  with wavelength is opposite to 

the  transmittance  spectrum. The study of absorbance  was in the range of 

(300– 900 nm). Figure (4-16)  shows the relation between absorbance (A) 

and wavelength for Nickel-Cobalt Oxide thin films. The absorbance  

decreases rapidly at short  wavelengths (high energies) corresponding to the 

energy gap of the film, (when the incident photon has an energy equal or 

more than the energy gap value). This evident increase of energy is due to 

the interaction of the material electrons with the incident photons which 

have enough energy for the occurrence of electron transitions, this attribute 

to decrease the energy gap of the film. 

Nickel oxide is a high band-gap semiconductor with the absorption edge in 

the UV region and no absorption in the visible region. The presence of Ni3+ 

ions in the oxide lattice shows charge transfer transition, with the 

consequent absorption in the visible region. NiO films deposited in this 

study show absorption in the visible region. There may be three possible 

explanations for the above process. The first one is that the main 

stoichiometry of the film is NiO, and Ni2O3 is present as a minority phase 

that could not be detected by XRD. The second possibility is that two 

adjacent divalent nickel ions become Ni3+ due to charge transfer process 

caused by presence of nickel vacancy. Third possibility is that the 

stoichiometry of the film is NiO, but excess oxygen together with the 

hydrogen may be present in the film as OH groups which may show a 

significance absorption in the visible region of the spectrum [27]. 

 

 

 

 



Chapter Four                                                          Results and Discussion 

 

 

 

73 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure (4-16):  Absorbance (A) versus wavelength (Ȝ) of  Nickel-Cobalt 
Oxide thin films of different molarities. 
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has a value of absorption coefficient  (α >104 cm-1) which causes the 

increase of  the probability of the occurrence of direct transitions.  

The absorption coefficient  increases with increasing molarity for x= 0, 0.04 

and 0.06 while it decreases with increasing molarity for x= 0.08.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-17): The relation between absorption coefficient and photon 

energy of Nickel-Cobalt Oxide thin films  at different molarities. 
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4.4.4. Optical Energy gap (Eg)  

The energy gap values depend in general on the films crystal structure, the 

arrangement and distribution of atoms in the crystal lattice, also affected by 

crystal regularity. The optical energy gap (Eg) was derived assuming  

allowed direct transitions  between the edge of the valence and conduction 

band.  

The energy gap was calculated using equation (2-12) where r=1/2 for 

allowed direct transitions for Nickel-Cobalt Oxide thin films,  by plotting a 

graph between (α hv )2 and ( hv ) in eV,  a straight line is obtained which 

gives the value of the direct band gap.  The extrapolation of the straight line 

to (α hv )2 = 0 gives value of the direct band gap of the material, and this 

could be seen in figures (4-18), (4-19), (4-20) and (4-21). Ones notice that 

the band gap value decreases when the molarity increases, which is in 

agreement with other reports [43]. This decrease in the band gap can be 

related to the structural modification of the films with higher molarity. 

However, many reports reported that the change in the optical band gap 

energy with molarity may be attributed to the changes in homogeneity and 

crystallinity of the film, caused by difference in experimental conditions, 

mainly the amount of spraying solution, spray rate and cooling of the 

substrates during deposition [42]. The allowed direct band gap values range 

between  3.71eV to 3.54 eV [37, 40] for the prepared samples, as shown in 

table (4-14). Figure (4-22) represents the variation of energy gap as a 

function of molarity for all the deposited thin films in this study and figure 

(4-23) represents the variation of energy gap as a function of Cobalt 

concentration  for all the deposited thin films in this study. as shown in table 

(4-14). 
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Figure (4-18): The relation between (hυ)2 and (hυ) of undoped NiO  thin 

films at different molarities. 
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Figure (4-19): The relation between (hυ)2 and  (hυ) of Ni0.96Co0.04O thin 

films at different molarities. 
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Figure (4-20): The relation between (hυ)2 and (hυ) of Ni0.94Co0.06O thin 

films at different molarities. 
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Figure (4-21): The relation between (hυ)2  and (hυ) of Ni0.92Co0.08O thin 

films at different molarities. 
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Figure (4-22): The variation of energy gap as a function of molarity for 
Nickel-Cobalt Oxide thin films. 

 

 

 

 

 

 

 

 

 

Figure (4-23): The variation of energy gap as a function of concentration for 
Nickel-Cobalt Oxide thin films. 
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Table (4-14): Energy gap of Nickel-Cobalt Oxide thin films at (0.05, 0.1, 

0.15 and 0.2M). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.5. Urbach Energies (Eu) 

The Urbach energy can be calculated using equation (2-25). Figure (4-24), 

shows Urbach plots of the undoped NiO thin films. The values of (Eu) was 

obtained from the inverse of the slope of ( lnα ) versus ( hʋ ). 

 

  

 

 

 

 

 

Eg(eV) Molarity (M) Samples 

3.71 0.05  
 

undoped NiO 
3.66 0.1 

3.64 0.15 

3.59 0.2 

3.64 0.05  
 

Ni0.96Co0.04O 
3.61 0.1 

3.58 0.15 

3.57 0.2 

3.62 0.05  
 

Ni0.94Co0.06O 
 

3.59 0.1 

3.56 0.15 

3.55 0.2 

3.60 0.05  
 

Ni0.92Co0.08O 
3.58 0.1 

3.55 0.15 

3.54 0.2 
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Figure (4-24): The Urbach plots of the undoped NiO thin films  at different 

molarities. 

 

Similar plots were done to the rest of samples and the  results are shown in 

table (4-15). It is observed that the urbach energy increases as the molarity 

increasing. as shown in figure (4-25). The urbach energy increases as the 

concentration  increasing, as shown in figure (4-26). Urbach energy values 

change inversely with optical band gap [96]. as shown in table (4-15). 
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Figure (4-25): The variation of urbach  energy as a function of molarity for 

Nickel- Cobalt Oxide thin films. 
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Figure (4-26): The variation of urbach  energy as a function of 

concentration for Nickel-Cobalt Oxide thin films. 
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Table (4-15): Urbach Energies (Eu)  of Nickel-Cobalt Oxide thin films at 

(0.05, 0.1, 0.15 and 0.2M). 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.6. Refractive Index (n) 

Refractive index (n) is calculated by using relation (2-27). The relation 

between refractive index and wavelength for spectrum range (300-900) nm 

of  Nickel-Cobalt Oxide thin films is shown in figure (4-27). It can be seen 

that there is a peak for the refractive index, its value increases towards the 

long wavelengths. The behavior of these  figures reflects the typical  

dispersion  relation in higher wavelength. The change in refractive index 

with the solution molarity was not systymatic. Results show that the 

refractive index values of prepared films have values in the range of (1.59- 

2.64) [35, 38].  

Urbach Energy 

 (Eu) (meV) 

Molarity (M) Samples 

299 0.05  
 
 

undoped NiO 

306 0.1 

340 0.15 

343 0.2 

368 0.05  
 
 
 

Ni0.96Co0.04O 
 

373 0.1 

375 0.15 

383 0.2 

392 0.05  
 
 

Ni0.94Co0.06O 
 

406 0.1 

413 0.15 

433 0.2 

439 0.05  
 
 

Ni0.92Co0.08O 

540 0.1 

670 0.15 

680 0.2 
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Figure (4-27): The relation between the refractive index and wavelength for 

Nickel-Cobalt Oxide thin films  for different molarities. 
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samples and  the static refractive index (no) was in the range of (1.403- 

2.002) as shown in table (4-16). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure (4-28): Fitting the refractive index data using two terms  Cauchy's 

equation for undoped NiO thin films at different molarities. 
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Table (4-16): The static refractive index values  of Nickel-Cobalt Oxide thin 

films at (0.05, 0.1, 0.15 and 0.2M). 

 

 

 

 

 

 

 

 

 

 

4.4.7. Extinction Coefficient (Ko)    

The extinction coefficient (Ko) was calculated  using relation  (2-29). The 

study of  extinction coefficient (Ko) was in the range of (300 - 900)nm. 

Figure (4-29) shows the extinction coefficient as a function of  wavelength 

for Nickel-Cobalt Oxide thin films. The extinction coefficient (Ko) decreases 

rapidly at short wavelengths (300-400)nm and after that the value of (Ko) 

remains constant. The rise and fall in the value of (Ko)  is directly related to 

the absorption of light. The lower value of (Ko) in the wavelength range 

(400–900) nm implies that these films absorb light in this region very easily 

[44]. The change in extinction coefficient with the solution molarity was not 

systymatic. Results show that the  extinction coefficient values of prepared 

films are in the range of (0.024 - 0.18) which is in agreement with other 

report [44].  

 
no 
 

 
Molarity (M) 

 

 
Samples 

 
 

1.786 0.05  
 
 

undoped NiO 

1.595 0.1 
1.825 0.15 
1.723 0.2 
1.403 0.05  

 
 

Ni0.96Co0.04O 

1.582 0.1 

1.538 0.15 
1.579 0.2 
1.500 0.05  

 
 

Ni0.94Co0.06O 

1.631 0.1 
1.553 0.15 
1.557 0.2 
1.465 0.05  

 
Ni0.92Co0.08O 

1.675 0.1 
2.002 0.15 
1.482 0.2 
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Figure (4-29): The relation between the extinction coefficient and 
wavelength for Nickel-Cobalt Oxide thin films  at different molarities. 

4.4.8. Dielectric Constant (İ)   

Complex dielectric constant (ε) consists of real dielectric constant (ε1) and 

imaginary dielectric constant (ε2) where real part (ε1) is the normal dielectric 

constant and imaginary part (ε2) represents the absorption associated with 

free carriers. The values of  (ε1) and (ε2) are calculated  using relations (2-

31) and (2-32) respectively. The relation between real and imaginary parts 

of dielectric constant  and photon energy for  Nickel-Cobalt Oxide thin 

films are show in figures (4-30) and (4-31). It can be seen that both the real 

and imaginary parts of  the dielectric constant increases as photon energy 

increases (1.25-3.5)eV and after that the value of the real and imaginary 

300 400 500 600 700 800 900

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

 

 

 0.05M

 0.1M

 0.15M

 0.2M

E
x
ti
n

c
ti
o

n
 c

o
e

ff
ic

ie
n

t 
(K

o
)

wavelength (nm)

unopded NiO(a)

300 400 500 600 700 800 900

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

 

 

 0.05M

 0.1M

 0.15M

 0.2M

E
x
ti
n

c
ti
o

n
 c

o
e

ff
ic

ie
n

t 
(K

o
)

wavelength (nm)

Ni0.96Co0.04O(b)

300 400 500 600 700 800 900

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Ni0.94Co0.06O

 

 

 0.05M

 0.1M

 0.15M

 0.2M

E
x
ti
n

c
ti
o

n
 c

o
e

ff
ic

ie
n

t 
(K

o
)

wavelength (nm)

(c)

300 400 500 600 700 800 900

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

 

 

Ni0.92Co0.08O
 0.05M

 0.1M

 0.15M

 0.2M

E
x
ti
n
c
ti
o
n
 c

o
e
ff

ic
ie

n
t 

(K
o
)

wavelength (nm)

(d)



Chapter Four                                                          Results and Discussion 

 

 

 

90 

parts decreases. The change in real and imaginary parts of  the dielectric 

constant with the solution molarity was not systymatic.  

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

Figure (4-30): The relation between the real part of dielectric constant (ε1) 

and photon energy for Nickel-Cobalt Oxide thin films  at different 

molarities. 
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Figure (4-31): The relation between the imaginary part of dielectric constant 

(ε2) and photon energy for Nickel-Cobalt Oxide thin films  at different 

molarities. 
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4.5. Conclusions 

1. The XRD results showed that all films are polycrystalline in nature with a 

cubic structure and the preferred orientation was along the (111) plane for 

all films. The maximum crystallite size obtained in this study was about 

51.16 nm for the undoped NiO thin films at 0.1M solution molarity. 

2. The transmittance for all thin films increases rapidly as the wavelength 

increases in the range (300- 350 nm), and then increases slowly at higher 

wavelengths. 

3. The band gap decreases when the molarity and cobalt concentration 

increase and the band gap values range between 3.71eV and 3.54 eV. 

4. The Urbach energy increases as the molarity and cobalt concentration 

increase and the Urbach energy values range between 299 meV and 680 

meV. 

4.6. Future Works 

According to the results of this study, the following future studies are 

suggested : 

1. Studying the electrical properties for Nickel-Cobalt Oxide thin films at 

different molarities. 

2. Studying  the structural properties (Surface morphological studies) of 

Nickel-Cobalt Oxide thin films by Scanning  Electron  Microscopic.  

3. Preparation of Nickel-Cobalt Oxide thin films by another technique like 

thermal evaporation technique. 

4. Studying the effect of annealing of  Nickel-Cobalt Oxide thin films on the 

structural, electrical and  optical properties. 
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   ΎثϬϤϴق Ρϭ΍ήثΘΗϭ  ΔثϳέاϮϤϟ΍ ΓΩΎثϳΰΑ ϞقثΗ ΎϬϧ΍ ΪΟϭ 3.71 eV -( 3.54 eV ϥ΍ Ύضثϳ΍ ΪثΟϭ Ϊقثϭ .

 ΔقـΎوـϦϴثΑ Ρϭ΍ήثΘΗ ΖثـϧΎـϜفـ ΔثϳέاϮϤϟ΍ ΓΩΎـϳΰـΑ Ω΍ΩΰΗ ΥΎـΑέϭ΍   299 meV  ϭ 680 meV) ϭ .

 ϝΰةثϟ΍ ΖثΑΎاϭ  ΎيثΘϣا΍ ϞثϣΎةϣ  ϦϤضثΘΗ ϲثΘϟ΍ ΓήضثΤϤϟ΍ Δϴأغشϟ ΔϳήيΒϟ΍ ΖΑ΍ϮΜϟ΍ ΏΎحس ϢΗ

ϥϮثΗϮفϟ΍ ΔقثΎτϟ Δϟ΍Ϊϛ )ϲϟΎϴΨϟ΍ϭ ϲقϴقΤϟ΍ ϪϴحΰΠΑ  ϝϮثτϠϟ Δثϟ΍Ϊϛ ΩϮثϤΨϟ΍ ϞثϣΎةϣϭ έΎسثϜϧا΍ ϞثϣΎةϣϭ

ϲΟϮϤϟ΍. 

  

 



 لخاصةا
 

        

 xحϴث   ϟΎΑϮϛ (Ni(1-x)CoxO)ثϛϭ-  ΖسثϜϴϨϟ΍ ΪϴثϞأغشثΔϴ أ ΠϨΑثΡΎ حضثΕή ،فΤΒϟ΍ ΍άϫ ϲث       

 Ϣϴقϟ΍ ϲτغΗ 0,  4, 6 and 8 %)   ΔفثϠΘΨϣ ΔϳέاϮϣ ΰϴϛ΍ήΘΑϭ )0.05, 0.1, 0.15 & 0.2M  )

έ΍ήحث ΔثΟέΪΑ ϱέ΍ήثΤϟ΍ ϲحΎثϴϤϴϜϟ΍ ϞثϠΤΘϟ΍ ΔقثϳήτΑ ΔثϴΟΎΟί Ϊعث΍Ϯق ϰϠع ΔΒسήϤϟ΍ Γ(400±5
o
C)  

Ψϟ΍ثϴΒϴϛήΘϟ΍  ΍ϮثΒϟ΍ϭ ΔيثϬϟ Δϳήث΍ ϩάةغشثΑ  ΔϴاسثέΩ  ϡ΍ΪΨΘسΗ  ΖقΑϭ300±10nm) ).ΎΒϳήسϤك 

ΔϴϨϴسثϟ΍ Δاشثة΍ ΩϮϴح(XRD)   Δثϳέάϟ΍ ΓϮقثϟ΍ ήثϬΠϣϭAFM ϭ  ΎثϴτϣΔϴΠفسثϨΒϟ΍ اϮفث Δاشثة΍ – 

ΔϴحήϤϟ΍ -ΔΒϳήقϟ΍ ء΍ήϤΤϟ΍ ΖΤΗϭ . 

      ΓήضثثΤϤϟ΍ Δϴةغشثث΍ ϥأ ΔϴϨϴسثثϟ΍ Δةشثثة΍ ΕΎاثثϮΤف ΞحΎثثΘϧ ΕήثثϬυأ  ΩΪةثثΘϣ ΐثثϴϛήΗ Ε΍Ϋ ΖثثϧΎϛ

  ΪحΎسϟ΍ ϩΎΠΗاΎΑϭ ΐةϜϤϟ΍ عϮـϨـϟ΍ Ϧϣϭ έϮϠΒΘϟ΍111. )  ΔقثϳήτΑ ϲثΒϴΒΤϟ΍ ϢثΠΤϟ΍ ϝΪةثϣ ΏΎحسث ϢΗϭ

ϲثΒϴΒΤϟ΍ ϢثΠΤϠϟ ΔثϤϴق ϰثϠع΍ ϰثϠع ϝϮيثΤϟ΍ ϢΗϭ έήϴش ΓήضثΤϤϟ΍ Δϴةغشث΍  ثϴϤΠϟ (51.16nm)   

  ΔثثϳέاϮϤϟ΍ ΪثثϨ0.1عM   Δϴأةغشثث ήثثϴغ ϞثثϜϴϨϟ΍ Ϊϴسثثϛϭϟ΍Ϫثثϟ ϪثثϤϴق Ϟقثث΍ϭ ΔΑϮشثثϤ(8.22nm)   ΪثثϨع

 ΔϳέاϮϤϟ΍ΎϬفسϧ   ΔϴأةغشϛϭϞϜϴϨϟ΍ Ϊϴس-  ΔΑϮشثϤϟ΍ ΖϟΎΑϮϛ Ni0.94Co0.06O    ΞحΎثΘϨϟ΍ ϩάثϫ ΖثϧΎϛ ϭ

ΔقΑΎτϣ   ΎثΒϳήقΗ ϥϮسثϣΎϴϟϭ Δقثϳήو Ϧثϣ ΔΑϮسثΤϤϟ΍ ϲثΒϴΒΤϟ΍ ϢثΠΤϟ΍ ΞحΎثΘϧ  ثϣ- ϝϮثϫ. ϭϢثΗ Ϊقث  ΏΎحسث

ϲΒϴΒΤϟ΍ ϢΠΤϟ΍ ϝΪةϣ ϭ ΔϧϮشΨϟ΍ ϝΪةϣϭ ϝΪةϤϟ΍  Αήϣ έάΟ ΔϤϴق(RMS)  ة ΔϴأغشϞϜϴϨϟ΍ Ϊϴسϛϭ- 

Δϳέάϟ΍ ΓϮقϟ΍ ήϬΠϣ ϡ΍ΪΨΘاسΑ ΖϟΎΑϮϛ  AFM .  

       ΔϴاثΎيΘϣا΍ϭ ΔثϳΫΎفϨϟ΍ ϲفثϴو ϞϴΠسثΗ ϝخثل Ϧϣ Δϴأغشϟ ΔϳήيΒϟ΍ حصΎيΨϟ΍ Δس΍έΩ ΖϤΗϭ

 ΔϴـΟϮـϤـϟ΍ ϝ΍Ϯةوـ΍ ϯΪϤϟϭnm  900 -300 )،  Ω΍ΩΰΗ ΔـϳΫΎـفـϨـϟ΍ ϥأ ΪـΟϭ ΪقـϭΩΎح ϞϜشΑ  ΓΩΎثϳΰΑ

ϯΪثثϤϟ΍ ϲفثث ϲΟϮثثϤϟ΍ ϝϮثثτϟ΍(300- 350) nm  ΔثثϴϟΎةϟ΍ ΔثثϴΟϮϤϟ΍ ϝ΍Ϯاوثث΍ ϲثث  فثثτΒΑ Ω΍ΩΰثثΗϭ، 

 ϞقΗ ΔϴاΎيΘϣا΍ϭΩΎح ϞϜشΑ ϟ΍ ΔϴΟϮϤϟ΍ ϝ΍Ϯاو΍ ΪϨعΔΌو΍Ϯ ΔϠΑΎقϤϟ΍ )ΔϴϟΎع ΕΎقΎو   ΔقثΎτϟ΍ ΓϮΠفϟ

 ΓήضΤϤϟ΍ Δϴةغش΍ ϲف. 

        ΎيΘϣة΍ ϞϣΎةϣ ΏΎحس ϢΗ Ϊقϭ ϭ ΓήضΤϤϟ΍ Δϴةغش΍  ϴϤΠϟϥا  ϪΘϤϴق ΖϧΎϛϦϣ ήΒϛ΍ (10
4 

cm
-1

ϢΗ حسΏΎ  قϴϤΟ ϭΪةΕ΍Ϋ ΎϬ حΎΒϣ ϡΰشΎτϠϟ Γήق΍.ΔةغشΤϤϟ΍ Δϴض΍ ϢΗ ΓήاسΑ ΝΎΘϨΘاϟάϟ ϥك   (

  ΔثϟΩΎةϣ ϡ΍ΪΨΘسثΎΑ ΡϮثـϤـسـϤـϟ΍ ήشثΎΒϤϟ΍ ϲϧϭήΘϜϟإ΍ ϝΎقΘϧلϟ ΔϳήيΒϟ΍ ΔقΎτـϟ΍ ΓϮـΠفـTauc Ϊقثϭ )
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