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Summary 

        There are numerous optoelectronic uses for semiconductor thin films II-VI. 

One such substance that has proven effective in creating solar cells, 

photodetectors, and other optical device applications is cadmium telluride 

(CdTe). 

In the current study, CdTe thin films were prepared by thermal evaporation of 

the material under a high vacuum and depositing them on glass substrates with 

different thicknesses (65, 72, 80, 88, 100, 110, 124, and 140) nm. 

        The effect of film thickness on structural, morphological, and optical 

properties was investigated. The thermal evaporated CdTe films were found a 

cubic structure from the X-ray diffraction (XRD) test.  

        The Scanning Electron Microscopy (SEM) micrographs of thin films show 

an improvement in the crystallite size of CdTe. The grain size of CdTe films 

becomes larger. 

        The morphology of the film is examined by an atomic force microscope 

(AFM) confirming that the films grown had a good homogeneous surface. The 

roughness, root mean square value, and average diameter increased with the 

increasing thickness (100-140) nm, and from the thickness (65 - 88) nm the 

morphology of the film was unstable.  

        The optical measurements of the films are studied by a UV-Visible 

spectrophotometer in the wavelength range (200- 1100) nm, When the thickness 

increased, the absorbance increased while the transmittance decreased. The 

direct energy gap decreased from (3.60 to 3.42) eV with increasing thickness. 

        The surface energy loss function (SELF) and volume energy loss function 

(VELF) it was found to increase with increasing thickness. The dispersion 

parameters of the films were also evaluated using Wemple– DiDomenico 

(WDD) single oscillator model. The dispersion energy (Ed) and oscillator energy 



 

 

(Εo) of the films were evaluated and varied in the range of (2.18-10.20) eV and 

(5.02-7.65) eV respectively, the optical dispersion moments (M-1 and M-3) were 

also calculated that varied from (0.43-1.333) and from (0.0171-0.0227) 

respectively. 
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1 

1.1 Introduction : 

Thin films, ubiquitous in today’s world, have a documented history of 

more than 5000 years [1]. The expression of "Thin Films" is used to describe a 

layer or several layers of atoms for a certain substance whose thickness less than 

(1 μm)  [2]. Many different types of applications, such as semiconductor 

devices, optical lenses and filters, sensors, and display technologies. By 

depositing materials onto a substrate using a variety of methods, including 

thermal evaporation, chemical vapor deposition, and sputtering, thin films can 

be created. Thin film technology has also developed to incorporate new types of 

methods that enable exact control of thickness and composition, making them a 

crucial component in many industries like electronics, biology, and optics [3].  

Thin films are uniformly thin layers of material that have been deposited 

in a controlled manner onto a substrate. Based on their atomic structure, thin 

films can be categorized as amorphous, crystalline, polycrystalline, 

nanocrystalline, nanostructured, nanocomposite, multilayer, or monolayer [4]. 

Thin films are widely used nowadays in practically every industry as a 

means of improving materials' physical and chemical qualities [5]. 

The thickness of a thin film is a crucial measurement since it determines 

many of the film's characteristics. Many factors influence the structure of thin-

film materials, which in turn determines their mechanical, optical, magnetic, 

electrical, etc. characteristics. Thin-film materials of varying thicknesses have 

been the subject of a number of published investigations [6]. Physical vapor 

deposition (PVD) and chemical vapor deposition (CVD) are the two most 

prevalent deposition methods used for thin film fabrication [7]. There are two 

main categories of techniques used for thin-layer deposition: physical and 

chemical. Fig. (1.1) Different Physical and Chemical Thin Film Deposition 

Processes  [8]. 
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A thin film is a thin layer of material, typically between a few nanometers and a 

few micrometers in thickness [9]. Thin films can be made from various  

 

Fig. (1.1): Different Physical and Chemical Thin Film Deposition Processes [8]. 

materials, including metals, semiconductors, and insulators [10]. There 

are Three steps process creation, transportation, and condensation of atoms, 

ions, and molecules involved in deciding the thin film structures Fig. (1.2) 

shows the processes [11,12]. Thin films are often preferred over thick films due 

to their unique properties, such as the high surface area to volume ratio, 

sensitivity to external stimuli, and the ability to manipulate their optical, 

electrical, and mechanical properties, all of which depend on the deposition 

method, the material used, and the thickness of the thin film [13,14]. 
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Fig. (1.2): Three steps process (a) creation, (b) transportation, and (c) condensation of 

atoms, ions, and molecules. involved in deciding the thin film structures [11]. 

1.2 Nanomaterials 

Nanotechnology, or the manipulation of materials at atomic or molecular 

size, is the art of building structures and devices at the nanometer scale. 

Designing, characterizing, synthesizing, and applying materials, structures, 

devices, and systems whose form and size are controlled on the nanoscale scale 

is a busy area of research with rapid growth [15]. The study of nanomaterials 

takes a materials science approach to nanotechnology, building on the progress 

made in materials synthesis and characterization through microfabrication 

studies. Nanostructured materials typically exhibit good optical, electrical, 

thermophysical, or mechanical characteristics due to their small size [16]. 

Nanomaterial in principle, is materials of which a single unit small sized (in at 

least one dimension) between (1 – 100) nm the usual definition of nanoscale and 

nanoscale defined as the length range approximately from (1 nm to 100) nm 

[17].  
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There is a wide variety of nanostructured materials with different 

dimensions which range from zero-dimensional (0-D) nanoparticles, one-

dimensional (1-D) Nanorods and nanowires, two-dimensional (2-D) Nanosheets 

and films, three-dimensional (3-D) polycrystals and ultra porous nanostructures, 

and Nano scaffolds [18]. Generally, the fabrication of nanostructured materials 

is considered to proceed via two main strategies which include the “bottom-up” 

and “top-down” approaches [19]. The difference between these two general 

strategies is based on the processes involved in the construction of the 

nanostructures [20]. In the bottom-up approach, a structure is normally built up 

of small units while in the top-down approach, a larger unit is reduced in size to 

a finished structure as shown in Fig. (1.3) [21]. 

Fig. (1.3): A schematic representation of the top-down and bottom-up approaches for 

the fabrication of nanostructures [22]. 

In recent years, these materials have been the focus of much study and 

investigation because of the novel features they exhibit that cannot be seen in 
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the bulk form of the same substance. Quantum dots, nanotubes, nanofibers, 

nanowires, and nanoparticles are among the most well-known examples of 

nanomaterials [23,24]. These materials have received significant attention due to 

their potential applications in various fields, including biomedical engineering, 

electronics, and energy production [25]. The properties of nanomaterials, such 

as mechanical, optical, and chemical properties, depend strongly on their size 

and geometric structures. Nanomaterials have a large surface area to volume 

ratio which makes them highly reactive, and they can exhibit unique optical, 

electronic, and magnetic properties [26]. 

1.3 Cadmium Telluride (CdTe) Properties: 

Cadmium telluride (CdTe) is a semiconductor commonly used in the 

production of thin film solar cells, x-ray detectors, and radiation sensors, table 

(1.1) explains some important properties of CdTe [27]. CdTe contains toxic 

elements (cadmium and telluriud), which can be hazardous if released into the 

environment or handled improperly [28]. Electrical conductivity CdTe is a 

semiconductor material, meaning it has intermediate electrical conductivity 

between that of conductors and insulators [29]. It exhibits excellent optical 

absorption properties in the near-infrared to ultraviolet regions [29, 30].   

Table (1.1): Some important properties of CdTe [28,29]. 

Property Value 

Symbol CdTe 

Color black or dark brown 

Crystal structure It has a crystalline structure, typically 

with hexagonal or cubic symmetry 

Energy gap 1.45 eV 

Density 6.26 g/cm
3
 

Lattice Constant 6.482 Å 
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Melting point 1092°C 

Boiling point 1130°C 

Refractive index 2.67 

Specific Heat Capacity 0.21 J/gK 

Dielectric Constant low at 10 

Atomic numbers 48 and 52 for, Cd and Te respectively can both be found 

in the fourth row of the table [30,31]. Cadmium telluride is a crystalline 

compound formed from cadmium and tellurium. It has very low solubility in 

water and is etched by many acids such as hydrobromic and hydrochloric acids. 

It is commercially available as powder or crystals. It can also be made into 

nanocrystals, the CdTe has a cubic structure as shown in Fig. (1.4) [32,33]. At 

room temperature, the vapor pressure of CdTe is zero. Due to its high melting 

point and insolubility, CdTe is more stable than its parent components, cadmium 

and tellurium, and most other Cd compounds [33]. 

Cadmium Telluride (CdTe) is becoming the most successful contender to 

Si photoactive material for the realization of solar cells due to its high efficiency 

and low-cost solar cell applications. The material is gaining great interest among 

researchers due to its crucial properties such as long-term performance stability 

[35,36]. And high optical absorption coefficient (> 10
5
 cm

-1
) to achieve nearly 

full absorption of the solar spectrum for thicknesses below 800 nm [36,37].  
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Fig. (1.4): Unit cell crystal structure of CdTe [38]. 

1.4 Review Of The Literature 

In 2010, S. J. Ikhmayies and R. N. Ahmad-Bitar [39], studied, vacuum 

evaporation was used to create CdTe thin films on glass substrates. The XRD 

diffractogram revealed a zinc blend structure with a strong reflection from the 

(111) plane. The diameter of the nanocrystallites was estimated by using the 

XRD pattern and the Scherrer formula and found to be 23 nm. In the wavelength 

range of 600-1100 nm, measurements of transmittance and absorbance were 

taken. These distinct transitions between the valence and conduction bands of 

the quantum dots are used to explain these sharp lines. Vacuum evaporation was 

used to create CdTe thin films on glass substrates while the temperature was 

room temperature. 

In 2014, E.R. Shaaban et al.[40], they purposed flexible optical devices, 

they studied CdTe thin films of varying thicknesses produced on polymer 

substrates. When various CdTe film thicknesses' X-ray diffractograms are 
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measured, their patterns reveal polycrystalline nature with a preference for 

orientation along the (111) plane. Using Swanepoel's approach, the optical 

constants of CdTe films were determined based on the observed transmittance 

spectral data in the 400–2500 nm range. After being determined, the refractive 

index n and absorption index k show a normal dispersion. The Wemple-

DiDomenico model, which is based on a single oscillator, was followed by the 

data on refractive index dispersion. At zero photon energy, the refractive index 

number and oscillator dispersion parameters were calculated. In these films, it is 

discovered that the potential optical transition is permissible. 

In 2015, K. Punitha, et al. [41], reported on post-deposition heat 

treatment (annealing)-induced change in optical properties derived from UV–vis 

study of CdTe thin films prepared on amorphous glass substrate by electron 

beam evaporation technique. The annealing effect gives rise to the enhancement 

in crystalline nature (zinc blende structure) of CdTe films with (111) preferred 

orientation. The average transmittance was increased with the annealing 

temperature and the slight shift in transmission threshold towards higher 

wavelength region revealed the systematic reduction in optical energy band gap. 

The existence of a shallow level just below the conduction band, within the band 

gap, was identified in the range of 0.23 and 0.14 eV for the films annealed at 

200 and 450 ◦C, respectively. In addition, the scanning electron microscopic 

measurement supports the result of the X-ray diffraction study.  

In 2016, M. T. Dejpasand, et al. [42], used the thermal evaporation 

technique to coat thin layers of cadmium telluride with an average thickness of 

300 nm on glass substrates. Systematically examining the impact of substrate 

temperature on sample physical characteristics. A variety of characterization 

techniques, including X-ray diffraction (XRD), UV-vis, and atomic force 

microscopy, were used for the produced specimens. According to XRD 

analyses, the deposited layers had a cubic structure. The samples' crystallinity 

characteristics were found to be enhanced by raising the substrate temperature. 
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The specimens' refractive index increased and their band gap energy decreased 

as the substrate temperature increased, according to an optical study of the 

samples. 

In 2017, P. K. K. Kumarasinghe, et al. [43], studied the Microstructure 

and other physical properties of CdTe thin films are directly affected by the 

deposition conditions as well as post-deposition treatments. CdTe films were 

fabricated using the thermal evaporation technique at different substrate 

temperatures from 125 to 300  ° C and subjected to post-deposition air annealing 

and chemical etching to observe the alterations of structural, optical, and 

electrical properties. 

In 2018, A. Arce-Plaza, et al. [44], studied the II-IV semiconductor 

compound, CdTe, which has suitable electrical and optical properties as 

photovoltaic and high-energy radiation sensor material. As an absorber material 

for thin film-based solar cells, CdTe holds the potential to fabricate high-

efficiency solar cells using low-cost technologies. This chapter presents a 

comprehensive review of the CdTe thin-film deposition techniques as well as of 

the several configurations for the solar cell structures that have led to the best 

efficiency conversion, It has a bandgap of 1.42 eV (optimal for the solar 

spectrum) and is a semiconductor of direct band transitions that allows thin film 

applications. Another property is its absorption coefficient of 104 cm, which 

allows 90% absorption with a 1 μm thickness of the thin films. 

In 2019, S. A. Fadaam, et al, [45], studied the effect of annealing 

temperature (200, 400) of CdTe heterojunction on solar cells efficiency prepared 

by thermal evaporation technique in vacuum with rate deposition (4.32 A°/sec) 

and thickness ( ≈ 400 ±10 nm), solar cells were realization with conversion 

efficiencies of ( 6.4% - 10.8%) . The main focus in this work was to study the 

annealing temperature dependent conduct of the expansion parameter and the 
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band gap energy of (CdTe ) thin film in solar cells. Room temperature band gap 

for ( CdTe) is found ( Eg =1.5 to 2) eV for efficiency solar cells  

In 2019, S. Ray, et al. [46], studied the synthesis and characterization of 

thin-film-based photovoltaic materials attract great research interest for the past 

few years as the efficiency of the photovoltaic cell can be improved 

systematically with a proper functionalization of the films and making 

multilayers. We have synthesized Cu-doped CdTe thin films with different 

doping concentrations using the PVD technique. The structural, morphological, 

and optical properties of synthesized films were carefully investigated. Our 

study shows that all the prepared films are polycrystalline with a cubic structure. 

Our investigation shows that the optoelectronic behavior of the doped CdTe 

sample can be improved by up to 3% Cu doping. Therefore, we anticipate that 

up to 3% Cu-doped CdTe would be suitable for the counterpart of highly 

efficient CdTe-based p-n junction solar cells 

In 2020, S. S. Oluyamo, et al. [47], studied cadmium telluride (CdTe) 

thin films were fabricated using an electrodeposition technique at 1400 mV 

cathodic potential. CdTe films were deposited on fluorine-doped tin oxide 

(FTO) substrate of dimension 2.3 by 2.4 cm
2
 at varied times of deposition. X-ray 

diffraction (XRD), scanning electron microscopy (SEM), ultraviolet-visible 

spectrophotometer (UV-vs), photoelectrochemical cell measurement (PEC), and 

energy dispersive X-ray spectroscopy (EDX) were used to characterize the 

structural, morphological, optical, electrical conductivity and elemental 

composition of electrodeposited films respectively. The particle average 

crystallite size was estimated as 11.98 nm 

In 2021, H. T. Gaganpreet, et al. [48], optimization of the physical 

properties of cadmium telluride (CdTe) thin films has been carried out to 

improve its performance by the influence of RF power. CdTe Nanocrystalline 

thin films were characterized by using various techniques such as atomic force 
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microscopy (AFM),  scanning electron microscopemicroscopy (SEM), and X-

ray diffraction (XRD). XRD study revealed that CdTe films are polycrystalline 

and have preferential growth in (111) direction. SEM images showed a 

continuous and dense morphology of CdTe films on glass substrates. The AFM 

result shows that the surface roughness of films increases with annealing. 

Optical properties were investigated with the help of the UV–visible absorption 

spectrum which showed that the bandgap decreases with an increase in Radio-

frequency power. 

        In 2022, H. S. Patel et al. [49], studied thin films of CdTe with thickness 

around 4000Å have been deposited by the thermal evaporation method at room 

temperature. The structural characterization of this film was carried out using 

XRD (X-ray diffraction technique) and TEM (Transmission electron 

microscopy). The structure of CdTe film was found to be hexagonal. Also, the 

lattice parameters, grain size (D), dislocation density (ρ) and micro strain (ε), 

were taken from the XRD data. From TEM of CdTe thin films, the 

polycrystalline nature was confirmed. A surface morphology study was done by 

SEM (Scanning electron microscopy) technique. Atomic Force Microscopy 

(AFM) provides numerical data of surface height at digitized locations, which 

are usable for various surface characterizations. 

In 2022, Ashith , et al.  [50], CdTe thin films have been deposited on 

glass substrates by thermally evaporating CdTe powder under a high vacuum. 

The optimum film thickness for photovoltaic applications was determined by 

performing a detailed characterization of the films. The thermal evaporated 

CdTe films were found to be polycrystalline with a cubic structure. Considerable 

improvement in the crystallinity was observed with the increase in thickness. 

The lattice constant, dislocation density, strain, and stress have also been 

analyzed. The optical properties of the CdTe films have been observed to 

change with thickness. The maximum optical absorption was found in the near 
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infrared region. The photoluminescence spectra showed a prominent peak, 

corresponding to the band-edge transition of the CdTe films. 

In 2023, H. M. Ali and M. H. Mustafa [51], ptical properties, structural 

makeup, and morphology of thin films of cadmium telluride (CdTe) with a 

thickness of 150 nm produced by thermal evaporation over glass. The X-ray 

diffraction study showed that the films had a crystalline composition, a cubic 

structure, and a preference for grain formation along the (111) crystallographic 

direction. The outcomes of the inquiry were used to determine these traits. With 

the use of thin films of CdTe that were doped with Ag at a concentration of 

0.5%, the crystallization orientations of pure CdTe (23.58, 39.02, and 46.22) and 

CdTe:Ag were both determined by X-ray diffraction. orientations (23.72, 39.21, 

46.40) For samples that were pure and those that were doped with silver, the 

optical band gap shrank by (1.52-1.47) eV (400–1100)nm resulting in a drop in 

the absorption coefficient. An incident power density of (100 mW/cm
2
) was 

used to examine the I-V properties of heterojunctions created by light on a 

variety of clean and doped materials. In accordance with the X-ray diffraction 

analysis, the films had a cubic structure and dominated grain growth along the 

(111) crystallographic direction. 

In 2023, Jena, I. and Singh, U.P [52], focuses on the study of influence 

of copper incorporation in the cadmium telluride (CdTe) films.. Copper 

incorporated CdTe films have been characterized by X-ray diffraction (XRD), 

Atomic force microscopy (AFM), scanning electron microscopy (SEM), UV–

Vis spectroscopy, Raman spectroscopy and Hall Effect measurements. XRD 

analysis illustrated that all the CdTe thin films were of polycrystalline nature 

possessing cubic structure showing sharp peak at (111) orientation, while the 

intensities of peaks varied from sample to sample with respect to copper 

incorporation in the CdTe films. 
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1.5 Aim of the Work 

1- Preparation of CdTe thin films by using the thermal evaporation technique 

with thicknesses less than the critical thickness. 

2- Study some physical properties (morphology and structure,  optical) of  CdTe 

thin film to find out the appropriate application for these films.  

3- Study the dispersion parameters using the Wemple–DiDomenico model of 

CdTe thin film to find its potential for use in communications and the design 

of optical devices.                  
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2.1 Introduction 

        This chapter focuses on the theoretical part which represents thermal 

evaporation (optimization, advantages, disadvantages, specifications of the 

system), as well as structural and morphological properties by X-ray diffraction 

(XRD) , scanning electron microscopy (SEM), atomic force microscopy (AFM), 

optical properties of crystalline semiconductors the optical constant, 

fundamental Absorption Edge (electronic transitions). 

2.2 Thermal evaopration 

Thermal evaporation was devised by Faraday during the 1850s [53]. 

During this process, atoms and clusters of atoms or molecules are removed in 

the form of a vapor flux from a metal crucible, containing some bulk material 

(target) by heating the crucible, either by passing a current through it or by a 

heater filament [54]. Alternatively, during electron-beam (e-beam) evaporation, 

a beam of electrons bombards the bulk material in the crucible to generate the 

vapor flux. The crucible and its contents are placed in a vacuum chamber, with 

pressure typically below 10
–4

 Torr. The vapor flux condenses on a substrate 

[21]. Fig. (2.1) presents a schematic for the thermal evaporation technique. 

The substrate is placed near the evaporating material, and the vapor 

condenses onto it, forming a thin film. The thickness of the film can be 

controlled by adjusting the rate of evaporation. Thermal evaporation is 

commonly used to deposit metals and oxide materials and can be used to create 

films with high purity and conformal coverage on various substrates. It is a 

relatively simple and low-cost technique, but it has limitations, such as poor 

adhesion and low deposition rates compared to other PVD techniques [55]. 

Thermal evaporation is a simple convenient process to evaporate and 

condense a wide range of materials in a vacuum on a substrate surface. So, it is 

one of the versatile techniques of PVD at present. Thermal evaporation is the 
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simplest way of depositing material onto a substrate under pressure 1x10
-7

 mbar 

and gives excellent purity of films [56]. 

The process involves three steps [57] : 

(i) evaporation of the material to be deposited by a high energy source such as 

an electron beam or ions–this evaporates atoms from the surface.  

(ii) transport of the vapor to the substrate to be coated. 

(iii) deposition of the coating at the substrate surface. 

        PVD has several advantages including [56] : 

(i) coatings formed by PVD may have improved properties compared to the 

material. 

(ii)  all types of inorganic materials and some types of organic materials can be 

used. 

(iii) the process is environmentally friendly compared to many other processes 

such as electroplating.  However, PVD has also some disadvantagesِ including 

[58] : 

1- problems with coating complex shapes. 

2- high process costِand low output.  

3- the complexity of the process. 

Thermal evaporation is a physical vapor deposition (PVD) technique used 

to create thin films on a substrate. It involves heating a material (usually a 

metal) in a vacuum chamber until it melts and then evaporates, forming a vapor 

that condenses onto a substrate to create a thin film [59]. In the thermal 

evaporation process, the material to be deposited is placed in a high-temperature 

container called a crucible. The crucible is heated using an electron beam or 

resistive heating until the material reaches its melting point, and then the 

temperature is increased to produce a vapor [60]. 
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Fig. (2.1): The schematic diagram of the thermal evaporation setup [50]. 

2.3 Structural and Morphological Properties: 

2.3.1 X-ray Diffraction (XRD) 

        The discovery of X-rays by Wilhelm Conrad Roentgen in 1895 allowed 

important innovations in all scientific disciplines, making the development of new 

medical and technical applications possible [61]. In particular, the research on X-

ray diffraction (XRD) by crystals initiated by Laue, Friedrich, and Knapping in 

1912 opened new possibilities in the study of crystalline materials [62]. It is 

possible to apply XRD to investigate the crystallization process, unit cell lattice 

parameter detail, crystal structure, crystal orientation, and crystallite size, which is 
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a fast and effective approach. The constructive interference of a monochromatic 

beam of X-rays is used to produce the XRD peaks after scattering each set of 

lattice planes in the sample at specific angles, where the distribution of the atoms 

determines the peak intensities within the lattice. Therefore, the periodic atomic 

fingerprint of materials is represented by the XRD pattern [63,64]. The XRD 

methods are based on the ability of crystals to diffract X-rays in a characteristic 

manner allowing a precise study of the structure of crystalline phases. Recorded 

diffraction patterns contain additive contributions of several micro- and 

macrostructural features of a sample. With the peak position, lattice parameters, 

space group, chemical composition, macro stresses, or qualitative phase analysis 

can be investigated [65]. 

X-rays are high-energy electromagnetic waves with a wavelength between 

(10
-3

 and 10
1
) nm [66]. The sample holder, X-ray tube, and X-ray detector are 

the three basic components of an X-ray diffractometer. The cathode ray tube is 

responsible for creating X-rays, which are subsequently driven toward a target 

by a voltage and attack the target substance. When electrons with sufficient 

energy displace inner shell electrons of the target material, X-ray spectra are 

produced  [67]. However, due to the periodic nature of a crystalline structure, 

constructive or destructive scattered radiation will result, leading to 

characteristic diffraction phenomena which can be studied to investigate the 

crystal structure of materials [68]. When X-ray light of wavelength (𝜆) is 

projected at an angle (𝜃) onto a crystal lattice, the incoming X-rays interact 

constructively with the sample if the circumstances meet Bragg's law Bragg  

Fig. (2.2) [69]. gives the details about the geometrical condition for diffraction 

and the determination of Bragg’s law. Bragg’s law is given in Eq. (2-1). 
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        𝜃   𝜆    (2-1) 

Where dhkl  =   ⁄  , θ is Bragg diffraction angle (degree) and λ is wavelength for 

incident X-ray beam (Å). 

 

 
Fig. (2.2): Bragg's diffraction [67]. 

In general, diffraction data are represented as intensity distribution as a 

function of the 2𝜃 angle. The information content that can be extracted is 

represented in  Fig. (2.3). 

The maximum peak intensity Imax can be defined as well as the 

integrated intensity Iint (area under the peak). The peak width can be generally 

characterized by the full width at half maximum (FWHM) [70]. 
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Fig. (2.3): Action peak and information content that can be extracted [67]. 

2.3.1.1 Parameters’ Calculation 

Normally, XRD is used to calculate different parameters, which could be 

used to clarify the studies of the deposited films, including: 

1- Full width at half maximum (FWHM) (𝛽).                                           

The full width at half of the maximum intensity (FWHM) of the preferred 

orientation (peak), could be measured since it is equal to the width of the line 

profile (radian) at half of the maximum intensity [71]. 

2- Average crystallite size (𝐷𝑎𝑣)                                                 

The crystallite size (D) can be estimated using Scherer’s formula [61]: ِ 

𝐷   𝜆 𝛽   𝜃   (2-2) 
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Where k is constantly dependent on the type of crystal structure ( 0.9 ), λ 

is the x-ray wavelength (Å), β is the full width at half of the maximum intensity 

(FWHM)(radian), θ is the Bragg diffraction angle of the XRD peak (degree) 

[72]. 

2.3.2 Scanning Electron Microscope (SEM): 

        The Scanning electron microscope (SEM) is a powerful tool for analyzing 

nanometer to micrometer scale organic and inorganic materials. The great 

magnification of SEM, which may reach up to 1,000,000x in some of the newest 

models, allows it to create extremely detailed pictures of a wide variety of 

materials, potential to provide previously unknown details about the material 

composition of scanned specimens that are not obtainable by conventional 

laboratory analysis [73].  

        Fig. (2.4) depicts the  scanning electron microscopemicroscope (SEM) used 

for the analysis [74]. 
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Fig. (2.4): SEM components [74]. 

High-resolution surface imaging is possible using a scanning electron 

microscope (SEM). The SEM creates a beam of incoming electrons in an 

electron column above the sample chamber, allowing for imaging to be 

performed using electrons. Thermal emission is the source of the electrons. The 

size, shape, density, and orientation of nanostructures may be estimated with its 

help [75].  

The apparatus is a pressure-control system that can store any kind of 

sample, whether it's moist or requires minimal preparation. Samples up to 200 

mm in diameter and 80 mm in height can be analyzed by the equipment. In Fig. 

(2.5), we see the device's magnification in action [76]. 

 Electrons are generated at the top of the column, accelerated down, and 

passed through a combination of lenses and apertures to produce a focused beam 

of electrons that hits the surface of the sample. The main components of a SEM 

are the: electron source, the column down which electrons travel with 

electromagnetic lenses, the electron detector, the sample chamber, the computer, 

and the display to view the images [77]. Researchers and scientists in many 

domains, from materials science to biology, find SEM to be an invaluable tool 

because of the unique insights it gives into sample structure and behavior [78]. 
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        Scanning Electron Microscope (SEM) uses a focused beam of high-energy 

electrons to generate a variety of signals at the surface of specimens. The signals 

reveal information about the sample including external morphology (texture), 

chemical composition, and crystalline structure and orientation of materials 

making up the sample. In most applications, data are collected over a selected 

area of the surface of the sample and a 2-dimensional image is generated that 

displays spatial variations in these properties. SEM is routinely used to generate 

high-resolution images of the shapes of objects and to show spatial variations in 

chemical compositions [79]. 

Fig. (2.5): Schematic of scanning electron microscope [76]. 

2.3.3 Atomic Force Microscopy (AFM) 

Is a high-resolution imaging technique first demonstrated by Binnig, 

Quate, and Gerber in 1985 [80]. Atomic force microscopy (AFM) has great 

potential as a tool for structural biology, a field in which there is increasing 
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demand to characterize larger and more complex biomolecular systems [81]. 

The atomic force microscope (AFM), a development of the scanning tunneling 

microscope (STM), is widely used for analyzing semiconductors, it is the perfect 

instrument for assessing morphology at the nanoscale [82]. It is possible to 

attain sub-Angstrom vertical resolution and 5 nm lateral resolution in an ambient 

environment, with no special sample conductivity or surface preparation needed 

[83]. AFM is one of the elected techniques for fine reconstruction of surface 

topographies with nanometer vertical and lateral resolution [84]. 

Atomic force microscopy is a high-resolution imaging technique where a 

small probe with a sharp tip is scanned back and forth in a controlled manner 

across a sample to measure the surface topography at up to atomic resolution 

[85]. Atomic force microscope techniques encompass a variety of scanning 

modes that enable scanning nanoscale [86,87]. 

 Fig. (2.6) explains the block diagram of AFM. The atomic force 

microscope consists of a micro-scale cantilever with a sharp tip at its end that is 

used to scan the specimen surface The cantilever is typically silicon or silicon 

nitride with a tip radius of curvature on the order of nanometers [80]. 

Atomic Force Microscope principles include:                                               

 1- Surface Sensing: An AFM uses a cantilever with a very sharp tip to scan over 

a sample surface.                                                                                   

2- Detection Method: A laser beam is used to detect cantilever deflections from 

the surface of the sample. 

 3- Imaging: An AFM images the topography of a sample surface by scanning 

the cantilever over a region of interest [88].   

        Atomic Force Microscopy (AFM) , which uses a sharp tip to probe the 

surface features by raster scanning, can image the surface topography with 
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extremely high magnifications. The measurement of an AFM is made in three 

dimensions, the horizontal X-Y plane and the vertical Z-dimension [89]. 

 

Fig. (2.6): Block diagram of atomic force microscopy [89]. 

2.4 Optical PropertiesِofِSemiconductors 

        The study of the optical properties of semiconductors is of great technical 

importance because it provides us with information on the energy packages and 

types of transitions occurring in the material and the knowledge of the properties 

of optoelectronic devices [90]. The optical properties of a material define how it 

interacts with light. The optical properties of matter include [91]. 

2.4.1 Absorbance (A) :  

       Absorption of electromagnetic radiation is how matter (typically electrons 

bound in atoms) takes up a photon's energy and so transforms electromagnetic 
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energy into internal energy of the absorber (for example, thermal energy) 

Equations (2-3) showing the absorbance [64] : 

             (2-3) 

       It is defined as the ratio between absorbed light intensity (IA) by material 

and incident intensity of light (Io). 

2.4.2 Transmittance (T) : 

     The transmittance of the surface of a material is its effectiveness in 

transmitting radiant energy It is the fraction of incident electromagnetic power 

that is transmitted through a sample the transmittance is defined as [92]. 

            (2-4) 

       Equation (2-4) shows the transmittance it is the ratio between the intensity 

of the beam from the membrane IT to the intensity of the beam falling on the 

membrane I0. 

2.5 Optical Constants 

2.5.1 Absorption Coefficient (α) : 

The absorption coefficient determines how far into a material light of a 

particular wavelength can penetrate before it is absorbed. In a material with a 

low absorption coefficient, light is only poorly absorbed, and if the material is 

thin enough, it will appear transparent to that wavelength. The absorption 

coefficient depends on the material and also on the wavelength of light which is 

being absorbed. Semiconductor materials have a sharp edge in their absorption 

coefficient since light that has energy below the band gap does not have 

sufficient energy to excite an electron into the conduction band from the valence 

band. Consequently, this light is not absorbed [93]. 

The absorption coefficient (α) was calculated using the absorbance data 

by following the relation [93] : 
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𝛼       
 

 
    (2-6) 

The absorption coefficient, α, is related to the extinction coefficient, k by 

the following formula [93] : 

𝛼  
     

 
    (2-7) 

Where λ is the wavelength. If λ is in nm, multiply by 10
7
 to get the 

absorption coefficient in the units of cm
-1 

[94]. 

2.5.2 Extinction Coefficient (ko) : 

The coefficient of inertia represents the number of photons absorbed by 

the membrane, that is, the energy absorbed by the electrons of the material, and 

expresses the following relationship [92]. 

   
  

  
    (2-5) 

Equation (2-5) shows the extinction coefficient (  ) where (λ) is the 

wavelength of the incident radiation ( α) absorption coefficient. 

2.5.3 Refractive Index (n) 

The refractive index is defined as the ratio between the speed of light in 

vacuum (c) and the speed of light in the matter, calculated from the amount of 

the following relationship [95]. 

  (
  

(   ) 
   )

   
 

(   )

(   )
  (2-16) 

where (R) is the reflectance. 

(R) is calculated from the following equation [93]: 

                                                                                (2-17) 
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2.5.4 Complex Dielectric Constant      

The insulation constant is defined as the absorption of energy in the 

material due to the interaction of light with the charges of the medium, and that 

leads to the polarization of the charges, and this polarization is called the 

insulation constant is known as the following relationship [96].    

        
                                                                             (2-18) 

                                                                                        (2-19)                                                     

             (2-20) 

Where    is  the real part of the dielectric constant, and    is the imaginary 

part of the dielectric constant. 

2.6 Fundamental Absorption Edge 

The process of basic absorbance in crystalline semiconductors for incident 

rays happens when an electron in the valence band absorbs high energy from an 

incident photon to escape to the conduction band if the photon energy (  ) is 

equal to or larger than the forbidden energy gap (  ) [97]. 

                  (2-8) 

where ( ) is the frequency in (  ) and ( ) Plank constant (      10
-34

 

   ), Spectroscopy of incident ray's region which starts electrons in its 

transporting is called (fundamental absorption edge) is shown in Fig. (2.7). The 

fundamental absorption edge is one of the greatest striking features of the 

absorption spectrum of a semiconductor. It equals the difference between the top 

valence band and the bottom conduction band [98]. When (Eg=hν0), where (νo) 

is called critical frequency and the wavelength facing it is called wavelength cut 
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off (λc) [99]. This process happens when the width of the forbidden energy gap 

equals to incident energy photon which can be expressed in the equation [97]. 

𝜆(  )  
  

  
 

    

   (  )
   (2-9) 

Where (c) is the speed of light in a vacuum. 

The study of the optical properties of semiconductors is of great technical 

importance because it provides us with information on the energy packages and 

types of transitions occurring in the material and the knowledge of the properties 

of optoelectronic devices. 

 

Fig. (2.7): Fundamental absorption edge of crystalline semiconductor [98]. 

2.7 The Electronics Transition 

There are essentially two types of electronic transitions [100]. 

2.7.1 Direct transition  
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        This transition happens in semiconductors when the bottom of the 

conduction band (C.B) is exactly over the top of the valence band (V.B). This 

means that they have the same value of wave vector (∆K=0). In this state, the 

absorption seems when (Eg=hυ). This transition type needed the laws of 

conservation in energy and momentum. There are two types of direct transitions, 

they are [101]: 

a) Allowed direct transition 

Fig (2-8-a) shows this transition happens from the top points in the (V. B) 

and the bottom point in the (C. B.). The empirical relationship for this type of 

transition is given by the equation [101] : 

𝛼   [     ]
   

   (2-10) 

where ( 𝛼 ) is the absorption coefficient.
 

b) Forbidden direct transitions  

Fig (2-8-b) shows this transition happens from near the top points of (V. 

B) and the bottom points of (C.B). The empirical relationship which corresponds 

to this transition is given by the equation [102]. 

𝛼   [     ]
   

   (2-11) 

2.7.2 Indirect Transitions 

This transition happens when the bottom of (C.B) is not over the top of 

(V.B), in a curve (E-K). The electron transits from (V.B) is not perpendicularly 

where the value of the wave vector of electron before and after transition is not 

equal (∆K ╪ 0). This transition type happens with the help of a like particle 

called "Phonon", for conservation of the energy and momentum law. Therefore, 

assistance of a phonon is necessary to conserve the momentum, so [103]. 

            (2-12) 
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               (2-13) 

Where    is the energy of absorbed or emitted phonon. 

a) Allowed indirect transitions 

Fig (2-8-c) shows this transition occurring between the top of (V.B) and 

the bottom of (C.B) which are found in the difference region of (K-space), so 

that [104]. 

𝛼   [     ]
 
   (2-14) 

b) Forbidden indirect transitions 

Fig (2-8-d) shows this transition occurring between near points at the top 

of (V.B) and near points at the bottom of (C.B). The absorption coefficient for 

transition with a phonon absorption is given by following equation [105]. 

𝛼   [     ]
 
   (2-15) 

 

Fig. (2.8): The types of transition (a) allowed direct, (b) forbidden direct, (c) allowed 

indirect, (d) forbidden indirect [105]. 

2.8 Surface energy loss function (SELF) and Volume Energy Loss 

Function (VELF) 
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Surface energy loss function (SELF) and volume energy loss function 

(VELF) can be used to express these energy transfers using dielectric theory. By 

using the relationships (2-21) (2-22), one might compare both energy loss 

functions [106]. 

     
  

(    )
    

     (2-21) 

     
  

(  )
    

     (2-22) 

2.9 Dispersion Parameter 

In optics and wave propagation in general, dispersion is the phenomenon 

in which the phase velocity of a wave depends on its frequency [107]. In 

numerous applications, including optical communication and the design of 

optical systems, dispersion parameters are crucial [108]. The single effective 

oscillator energy (EO), dispersion energy (Ed), and estimated zero-frequency 

refractive index (n0) and dielectric constant (Ɛ∞),  as well as the optical 

moments, are calculated using the Wemple-DiDomenico (WDD) model in 

Equation [109,110] : 

(    )  
     

  
  (  ) 

   (2-23) 

  
             (2-24) 

where n denotes the refractive index. (Eo)(Ed) is the model's primary output. The 

energy (Eo), or average energy gap, provides quantitative information about the 

material's overall band structure. This differs from the information obtained 

from the optical gap which investigates the material's optical characteristics near 

its basic absorption edge. Despite the difference be showing that the oscillator 

energy, (Eo) is often twice the optical energy gap, (Eg) i.e. (Eo ≈ 2Eg) [111]. On 

the other hand, the dispersion energy (Ed), which is a measure of oscillator 

strength, quantifies the average energy of interbond optical transitions and is 

associated with the sample's structural order, i.e, it is related to the ionicity, 
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anion valency, and coordination number of the material [112,113]. It's worth 

noting at this point that the dispersion energy (Ed) is almost completely 

independent of the effective single oscillator energy, (Eo). This is because Ed is 

proportional to the dielectric loss, whereas (Eo) is independent of the dielectric 

loss, either close or from afar. The static refractive index (no), has been 

calculated from WDD dispersion parameters, Eo, and, Ed, using the formula (2-

23) and (2-24) M-1 M-3 moments of the optical spectra can be obtained from the 

relationships. The M-1 and M-3 moments of the optical spectra can be obtained 

from the relationships [114,115]. 

     ( )                                                                             (2-25) 

  
  

   

   
    (2-26) 

  
  

   
 

   
    (2-27) 

The obtained values are given formula The (M-1 and M-3) moments 

changed due to the formation coordination Wimple-DiDomenico. 

2.10  The weight method  

The thickness of the thin films has been calculated according to the 

following equation (3-1) : 

     
 

     
                                             (2-28) 

Where:  

 t: is the thickness of the thin films (nm). 

 m: mass of the material in (g) 

 ρ: is the density of material (g/cm
3
).      

 R: is the distance between the substrate and the boat (cm). 
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This method gives an approximate thickness because not all the material 

is deposited on the substrate but some of the material is lost or fleeing on the 

sides of the heater. We get this thickness (65, 72, 80, 88, 100, 110, 124, and 140 

nm). 

 

 

Chapter Three 
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3.1 Introduction 

This chapter emphasizes the experimental details used in the fabrication 

and investigation of pure CdTe thin films with different thicknesses by thermal 

evaporation method on a glass substrate under pressure up to 1 × 10
-7

 mbar with 

a rate of deposition 0.5 nm/sec onto a glass substrate. The techniques used for 

preparation and testing the structure of the thin films are the investigation of the 

structural and morphological features by X-ray diffraction (XRD), scanning 

electron microscope (SEM), and atomic force microscope (AFM), and the 

determination of grain size are presented. The optical measurements of thin 

films such as (transmittance (T), absorbance (A), absorption coefficient (α), 

optical energy gap (Eg), refractive index (n), extinction coefficient (ko), and the 

dielectric constants (Ɛr and Ɛi) and Surface Energy loss function (SELF), 

Volume Energy loss function (VELF) in addition of dispersion parameters. The 

schematic diagram of the experimental work starting from material up to film 

characterization is displayed in Fig (3.1).  

3.2 Nanomaterial Used:  

1- Cadmium telluride (CdTe) : 

         It was observed as a powder from Zhengzhou Dongyao nano materials Co. 

LTD China company, with a nano grain size of 44  m, density of 6.20 g/cm
3
, 

color black to brown, and high purity (99.99 %). 
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Fig. (3.1): Schematic diagram of experimental work 

3.3 Substrate Preparation  

        The glass slides each of (2.54 × 7.62) cm
2
 area was used as substrates with 

thickness (0.1-0.12) cm. These glass slides were subjected to the following 

steps: 

1  - The substrates were cleaned with alcohol. 

2  - The substrates were immersed in a clean beaker containing distilled water and 

then washed ultrasonically for 10 min . 

3- Lastly, the glass substrates were dried by an air jet and rubbed with soft 

paper.  
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3.4 Evaporation Boat 

The most commonly used materials for evaporation boats are metals with 

a high melting point, such as tungsten (W) (M.P = 3370 
o
C), and molybdenum 

(Mo) (M.P = 2622 
o
C). In this work, a molybdenum boat was used for the 

deposition of CdTe thin film, as shown in  Fig. (3.2). 

 

Fig. (3.2): Evaporation Boat Molybdenum boat 

3.5  The Coating Unit 

        The vacuum unit system is: 

1 - Edwards Auto 306 that modified its chamber. 

2- Uses tungsten or Molybdenum filaments to heat evaporates. 

3- Ultimate chamber pressure 1×10
-7

 mbar. 

4- Typical filament currents are (100-200) A. 
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5 - Maximum deposition thickness that can be achieved is 1.5 µm. 

     The main constructions of the typical vacuum coating unit are shown in Fig    

(3.3). This calculation was carried out Department of Physics, University of 

Babylon/College of Education for Pure Sciences. 

 

Fig. (3.3): Thermal evaporation system. 

3.6 Thin Film Growth   

        In the present work, thin films of CdTe have been  (powder, purity 

99.99%). The deposition of CdTe thin films has been performed by electrical 

resistance heated thermal evaporation process. In this process, the electrical 

power is passed through the boat to create a vapor that travels in straight-line 

paths to the substrate. In general, there are three steps in any vacuum deposition 

process; creation of an evaporate from the source material; transport of the 

evaporator from the source to the substrate; and condensation of the evaporator 
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onto the substrate to form the thin film deposited. In this work, the evaporation 

processes have been performed at room temperature (R.T). The pressure during 

the evaporation was approximated to 10
-7

 mbar with a rate of deposition of 0.5 

nm. s
-1

. The distance between the source and substrate was kept at 15 cm. 

3.7 Films Thickness Measurement 

Thickness is one of the most important thin film parameters. There are 

several methods used for measuring the thickness of the thin film. In this work, 

the thickness of the films was measured using the optical measurement and 

weight method, the measurements from the two methods were comparable. 

3.7.1 Optical measurement method  

        Film thickness measurements by Optical Thin Film Measurement have 

been obtained. This method is based on interference of the light beam reflected 

from the thin film surface and substrate bottom, as shown in Fig. (3.4). This 

calculation was carried out Department of Physics, University of 

Babylon/College of Education for Pure Sciences. 

        With the optical interferometer and the weight method from both methods, 

the thickness measurements were close. 
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Fig. (3.4): Optical thin film measurement. 

 

3.8 Structural and Morphological Measurements 

3.8.1 X-ray diffraction (XRD) 

These measures' primary goal is to look at the kind of structure that exists 

in the prepared thin films. The general structure of bulk solids can be analyzed 

using this experimental method, including lattice constants, the identification of 

unknown materials, the orientation of single crystals and polycrystals, flaws, 

stresses, etc. employing an X-ray diffracts meter system (XRD-6000) from 

SHIMADZU to measure X-ray intensity as a function of Bragg's angle The 

system's conditions were as follows: 

Source CuKα with radiation of wavelength λ = 1.5406 Ǻ. 
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Target: Cu 

Current = 30 mA. 

Voltage = 40 kV. 

Scanning speed = 0.25 deg/min 

       The X-ray scans are performed between 2θ values of 5
o
 and 80

o
 as shown in 

Fig. (3.5). 

Fig.(3.5): The system of the XRD. 
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3.8.2 Scanning Electron Microscope (SEM) 

        SEM is an electron microscope that images the sample surface with a high-

energy beam of electrons in a raster scan pattern. After the preparation of the 

sample, the part of each sample with dimensions (5 mm × 10 mm) was cut and 

pleased into the SEM sample holder for examination. The surface morphology 

of CdTe is observed using (INSPECT S50, company, Japan origin, type FEI 

customer ownership SEM), as shown in Fig. (3.6). This calculation was carried 

out in Iran at the University of Tehran. 

 

Fig. (3.6): The system of SEM 

3.8.3 Atomic Force Microscope (AFM). 

Surfaces can be examined at the molecular level using an atomic force 

microscope (AFM). Real topography data are obtained rather than just images. 

Using an atomic force microscope (AFM), researchers may analyze the size and 

other properties of produced nanoparticles. Fig. (3.7). illustrates the AFM's basic 

operating principle. The thin-scope AFM is used to examine each sample. It is 
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located at the University of Babylon/College of Education for Pure Sciences-

Department of Physics. 

 

Fig. (3.7): The system of AFM 

3. 9 Optical Measurement 

The optical measurements of CdTe thin films are acquired using a 

spectrophotometer (Shimadzu UV- 1650 PC) made by Phillips, a Japanese firm, 

as shown in Fig. (3.8), for the wavelength range of 200 to 1100 nm. From these 

optical measurements, the optical characteristics are computed. It is located at 

the University of Babylon/College of Education for Pure Sciences-Department 

of Physics. 
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Fig. (3.8): Shows a photo of a UV-VIS-NIR spectrophotometer 
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4.1 Introduction 

        This chapter presents the results and discussion of the structural, 

morphological, and optical properties of CdTe thin films (Dispersion parameters 

were also investigated using the Wemple-Didominco model) for different 

thicknesses (65, 72, 80, 88, 100, 110,124 and 140) nm . These are deposited on 

glass substrates by the thermal evaporation technique. The samples were 

diagnosed by XRD, SEM, AFM, and UV-Visible spectrophotometer.  

4.2 Thin Films Test and Results 

After the deposition of the thin films on glass slides were completed, 

structural and optical tests and performed to determine the effect of the 

preparation parameters used to prepare them in this study. 

4.2.1 Structural and Morphological Properties  

        Structural and morphological properties include the X-ray Diffraction 

(XRD),  scanning electron microscopeMicroscope (SEM), and Atomic Force 

Microscope (AFM). 

4.2.1.1 X-ray Diffraction of CdTe Thin Films 

To investigate the structural nature of CdTe films, the X-ray diffraction 

was recorded between 5
o
-80

o
. The XRD spectra of CdTe thin films with 

different thicknesses were prepared by thermal evaporation technique at R.T.  

The XRD pattern of CdTe thin films is shown in Fig. (4.1- 4.8). The low-

intensity peak that appeared at 2θ=23.03
o
 corresponding to (111) was correlated 

with a value obtained by Sotelo-Lermaetal [39]. A gradual rightward shift in the 

angles represents a crystalline structure on a tiny scale. It was noticed that the 

CdTe films produced through thermal evaporation were a cubic phase. From the  

Fig., no sharp peaks were noticed in the prepared films making the concluded 

films amorphous. Similar behavior was reported in [50,116]. 
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The XRD patterns were used to calculate the crystallite size and other 

microstructural characteristics. The crystallite size (D) was calculated using 

Scherrer formula eq. (2-2) from the low intensity peaks [69]. 

It was found that when the film thickness increased to the optimum value, 

the size of the crystallites increases. The improvement in crystallinity due to the 

elimination of grain boundaries with some weak aggregations, a further factor 

that influences crystallinity enhancement is the atoms' mobility after on the 

surface. When a substrate undergoes thermal evaporation, more atoms settle 

evenly throughout its surface as the substrate's thickness grows [117,50]. 

The smallest crystallite size (D=4.14) was found in the 72 nm thickness, 

and on the other hand, the biggest (D=14.33 nm) was found at 140 nm. From 

figures (4.1- 4.8), the values of crystallite size and FWHM are tabulated in Table 

(4.1), it can note that the broadening in full width at half maximum (FWHM) 

indicates the small particle size [118]. 
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Fig. (4.1): The XRD patterns of CdTe thin films at t=65nm 

 

 

 

 

Fig. (4.2): The XRD patterns of CdTe thin films at t=72 nm 
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Fig. (4.3): The XRD patterns of CdTe thin films at t=80 nm 

 

Fig. (4.4): The XRD patterns of CdTe thin films at t=88 nm 
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Fig. (4.5): The XRD patterns of CdTe thin films at t=100 nm 

 

Fig. (4.6): The XRD patterns of CdTe thin films at t=110 nm 
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Fig. (4.7): The XRD patterns of CdTe thin films at t=124 nm 

 

Fig. (4.8): The XRD patterns of CdTe thin films at t=140 nm 
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Table (4.1): The average crystallite size, FWHM, and peak position of the different 

thicknesses of CdTe thin film samples 

Thickness 

(nm) 

peak position 

(2θ°) 

FWHM 

(β°) 

D 

(nm) 

The average 

the crystallite size 

(nm) 

65 

32.14 3 27.5706 

4.6797 9.3 14 5.6961 

7.53 9 8.8505 

72 
8.22359 9.9424 8.01498  

4.1484ِ

 
25.0854 9.491552 8.57863 

80 
8.06989 9.7968 8.13332 

4.190 
24.6821 9.42883 8.62899 

88 
8.77817 4.10068 19.4399 

10.126 
23.031 3.85021 21.0675 

100 
9.05774 8.8192 9.04072 

4.831 
25.1179 8.42619 9.66387 

110 
9.116132 6.978066 11.426 5.691 

 24.8115 7.177198 11.3389 

124 
9.24942 4.3178 18.4681 

10.208 
22.9145 3.62613 22.3648 

140 
9.32797 4.58361 17.3983 

14.335 
22.6856 2.029466 39.944 

 

 

 

 

 

 

 

 



Chapter Four                                                                     Results and Discussion 

50 

4.2.1.2 Scanning Electron Microscope (SEM): 

         Scanning Electron Microscope (SEM) was used to investigate the surface 

morphology of samples and the dispersion of CdTe thin film on the surface.  

SEM showed the morphology of the CdTe films on the glass slide at 50kx and 

the scale was 200 nm. 

        The deposited CdTe samples on the glass substrate are shown in Figures 

(4.9 and 4.10). Figures show that the CdTe thin films at different thicknesses 

exhibit a smooth surface consisting of small spherical grains, the increase of 

thickness leading to changes in the morphology of the surface, and an increase 

in the roughness. This enhanced crystallinity points to due to the coalescence of 

atoms on the substrate surface. This inference is consistent with the result of the 

XRD measurement and the results of the previous researchers [119]. 

        From images in the  Fig. (4.9 and 4.10), uniform morphology reveals a 

rather smooth surface and the increase in thickness led to changes in the 

morphology of the surface, the average grain size increased with increasing 

thickness, in increased 17.86 nm at a thickness of 65 nm, and appear some 

agglomerations at increasing thickness of thin film. 
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a 
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Fig. (4.9): 𝑺𝑬𝑴 images and grain distribution function  of the CdTe thin films at 

thickness a=65 nm,b=72 nm, c=80 nm, d=88 nm 

c 

d 
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Fig. (4.10): 𝑺𝑬𝑴 images grain distribution function of the CdTe thin films at thickness 

a=100 nm,b=110 nm, c=124 nm, d=140 nm. 

4.2.1.3 Atomic Force Microscopy (AFM) 

The AFM images of CdTe thin film with different thicknesses prepared 

by the thermal evaporation technique are shown in Figs. (4.11- 4.18). From the 

figures, of these images, the CdTe thin film shows a high surface homogeneity 

as in SEM in which the distribution of crystalline granules is uniform which is 

g 

h 
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evident from the convergence of the roughness and root mean square (RMS). 

The white areas of the images indicate that there are a set of crystalline granules 

one on top other, so it can be believed that the adjacent granules come together 

to form large clusters; therefore, we find that the granules in the white areas are 

larger than that in other regions From the images, the high homogeneity of the 

films appeared from the values of roughness average. 

The results that come from the figures were listed in Table (4.2). With 

increasing film thickness from (65 -72) nm the (Sq) it is seen to increase, from 

(0.311-0.549) with increasing film thickness from (80-88) nm it is seen to 

decrease, from (0.451-0.312), and with increasing film thickness from (100-110) 

nm  it is seen to increase, from (0.366 - 0.38) with increasing film thickness 

from (124 -140 ) nm  it is seen to increase, from (0.420-465), which is attributed 

to the fact that aggregate forms bigger grains at higher thicknesses. Therefore, 

the surface morphology of thin film is strongly affected by the degree of 

aggregation. The increase in RMS leads to an increase in crystalline growth in a 

vertical direction more than a horizontal direction. It noticed the roughness 

averages (Sa) increase in thickness with abnormalities in the thickness (65-80) 

nm. Also, Table (4.2) contains the ten-point height and the average diameter, the 

average diameter There have also been reports of such roughness increases with 

film thickness by researchers [120-122].  
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Fig. (4.11): AFM images of CdTe thin films at thickness 65 nm for a) 2D , b) Grain 

Histogram. 

 

Fig. (4.12): AFM images of CdTe thin films at thickness 72 nm for a) 2D , b) Grain  

Histogram. 

 

Fig. (4.13): AFM images of CdTe thin films at thickness 80 nm for a) 2D, b) Grain 

Histogram. 

a b  

a b  

a b  
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Fig. (4.14): AFM images of CdTe thin films at thickness 88 nm for a) 2D, b) Grain  

Histogram. 

 

 

 

 

 

 

 

 

Fig. (4.15): AFM images of CdTe thin films at thickness 100 nm for a) 2D, b) Grain  

Histogram. 

 

Fig. (4.16): AFM images of CdTe thin films at thickness 110 nm for a) 2D, b) Grain  

Histogram. 

a b  

a b  

a b  
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Fig. (4.17): AFM images of CdTe thin films at thickness 124 nm for a) 2D, b) Grain  

Histogram. 

 

Fig. (4.18): AFM images of CdTe thin films at thickness 140 nm for a) 2D, b) Grain  

Histogram. 

Table (4.2): Morphological characteristics of CdTe thin film with different thicknesses 

prepared by thermal evaporation technique 

Thickness 

(nm) 

Roughness 

averages 

(Sa) (nm) 

Root means   

square  

(Sq) (nm) 

Ten points 

height  

(Sz) (nm) 

Average 

diameter 

(nm) 

65 0.238 0.311 1.4 392.8 

72 0.425 0.549 3.98 231.5 

80 0.369 0.451 2.38 200.1 

88 0.244 0.312 2.62 198.2 

100 0.277 0.366 3.02 234.7 

110 0.312 0.38 2.16 346.7 

124 0.332 0.429 2.19 376.2 

140 0.380 0.465 4.09 206.6 

a b  

a b  
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4.2.2 Optical Properties 

4.2.2.1 Absorbance (A) 

The absorbance of CdTe thin film with different thicknesses was recorded 

at room temperature and calculated from the relation  (2-3),  Fig. (4.19) displays 

the variation of optical absorbance with a wavelength of CdTe thin film. It can 

be observed that the absorbance spectra of the CdTe thin film increased with the 

increasing thickness of the films this behavior can be attributed to the increase in 

the grain size with increased thickness, at high wavelengths, the incident 

photons don’t have enough energy to interact with atoms and thus the photon 

will be transmitted. When the wavelength decreases (at the neighborhood of the 

fundamental absorption edge), the interaction between an incident photon and 

material will occur, and the photon will be absorbance. This indicates that 

thicker CdTe thin films absorb more light compared to thinner ones. The 

relationship between thickness and absorbance can be used to optimize the 

performance of CdTe thin film-based devices such as solar cells and 

photodetectors. This finding is consistent with previous studies conducted on 

CdTe thin films, which have shown that the absorption coefficient is 

proportional to the thickness of the film [123,40]. 
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Fig. (4.19): Absorbance spectra as a function of the wavelength of CdTe thin films with 

various thicknesses 

4.2.2.2 Transmittance (T) 

 Fig. (4.20) explain the variation of transmittance of CdTe thin film with 

different thicknesses with wavelength and calculating from the relation (2-4). It 

can be observed that the transmittance is decreased with the increase of 

thickness. This phenomenon is explained by a rise in the thickness of atoms, 

which increases the frequency of collisions between incident photons and atoms 

and causes a decrease in transmittance. When greater crystallite sizes are 

deposited and more atoms are present in the film, more states will be accessible 

for the photons to be absorbed, which results in a less pronounced fall in 

transmittance caused by the start of the absorption edge for films, the frequency 

of collisions between light photons and film atoms increases as wavelength 

increases which result in increased absorption, are to blame for the declines in 

transmittance films this finding is consistent with the researchers [124]. 
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Fig. (4.20): Transmittance spectra as a function of the wavelength of CdTe thin films 

with various thicknesses 

4.2.2.3 Absorption coefficient (𝛼) 

The absorption coefficient (α) of CdTe thin films is calculated by using 

the equation (2-6). The variation of the absorption coefficient versus wavelength 

of CdTe thin films with different thicknesses is presented in  Fig. (4.21). From 

the figure, it can be observed that the absorption coefficient is increased with the 

increase in thickness. Its value is larger than (10
4
 cm

-1
), which causes an 

increase in the probability of the occurrence of direct transitions. This can be 

linked with the increase in grain size and it may be attributed to the light 

scattering effect for its high surface roughness, which is in agreement with the 

finding of researchers [125,126]. These results could have important 

implications for the development of optoelectronic devices that rely on CdTe, 

helping to optimize design parameters and improve device performance. 
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Fig. (4.21): absorption coefficient (𝛼) as a function of the wavelength of CdTe thin films 

with various thicknesses 

4.2.2.4 Extinction Coefficient (ko) 

The extinction coefficient (  ) of CdTe thin films is determined by using 

equation (2-5). From  Fig. (4.22), it can be observed that the extinction 

coefficient increases with the increase in thickness. The behavior explanation is 

the increased absorbance or the absorption coefficient and consequently,    will 

be increased This observation is attributed to the greater number of potential 

scattering centers that exist within a thicker material, the results agree with the 

results of the previous researchers [129,130]. 

 

Fig. (4.22): Extinction coefficient as a function of the wavelength of CdTe thin films with 

various thicknesses 
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4.2.2.5 Refractive Index (n)  

        The refractive index was calculated from equation (2-16).  Fig. (4.23) show 

the change of refraction index of CdTe thin films with different thicknesses as a 

function of wavelength 

From  Fig. (4.23), it can be observed that the refractive index ( ) of the 

CdTe thin film increases with increasing thicknesses, also it is decreased with 

the increase of the wavelength. The behavior explanation is the increases of the 

absorbance or the absorption coefficient and consequently, (n) will be increased, 

when the incident light interacts with a material that has a high number of 

particles then the refractivity of the films increases. The results are in agreement 

with the research [129].Therefore, understanding how the refractive index of 

CdTe thin film changes with thickness is crucial for designing and optimizing 

these devices [132,133]. 

 

Fig. (4.23): Refractive index as a function of the wavelength of CdTe thin films with 

various thicknesses. 
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4.2.2.6 The Dielectric Constants (   and   ) 

The real (Ɛ ) and imaginary (Ɛ ) dielectric constants for CdTe thin films 

system are determined by using equations (2-18, 2-19),  The variation of real 

(Ɛr) and imaginary (Ɛi) parts of dielectric constant values versus wavelength for 

CdT.From the  Fig.s (4.24) and (4.25), it is found that Ɛr and Ɛ  increase with 

increasing thickness of CdTe thin film. The behavior of Ɛ  is similar to that of 

the refractive index because of the smaller value of    compared with  , while Ɛ  

is mainly dependent on the    values. 

One important finding in the research of CdTe thin films is that the values 

of Ɛr and Ɛ  have been reported to increase with increasing thickness of the CdTe 

thin film. This phenomenon has been attributed to the increase in polarizability 

of the CdTe lattice with increasing thickness, resulting in a higher dielectric 

constant (Ɛr) and a higher imaginary component of the dielectric constant (Ɛ ). 

This increase in the values of Ɛr and Ɛ  with increasing thickness is due to the 

larger number of atomic layers within the CdTe lattice, which leads to a stronger 

polarization response  This behavior is in agreement with the results of the 

researchers [132]. The increase in Ɛr and Ɛ  with increasing thickness of CdTe 

thin films is a significant observation, as it suggests that the dielectric properties 

of CdTe thin films can be controlled by manipulating their thickness [133]. 
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Fig. (4.24): Constant dielectric real as a function of the wavelength of CdTe thin films 

with various thicknesses 

 

 

Fig. (4.25): Imaginary dielectric constants as a function of the wavelength of CdTe thin 

films with various thicknesses 
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The optical energy gap for CdTe thin films is calculated by using equation 

(2-10). The plot of (𝛼  )
2
 with energy (  ) indicates that CdTe films are in 

direct transition. The band gap of the material is determined by extrapolating the 

linear region of the graph to the    axis. The curve can be fitted with a straight 

line very well for a higher energy range. From  Fig. (4.26), it is clear that the 

direct energy gap of CdTe films increased from (3.44 𝑒  – 3.62 𝑒 ) at the 

thickness (140 - 65)   , the values of Eg are listed in Table (4.3). According to 

recent studies, the direct energy gap of CdTe films has been observed to 

decrease with an increase in thickness. This is due to the increase in the 

localized density of states near the band edges and in turn, decreased the value 

of Eg with thickness. Also, the decrease of the direct band gap with the increase 

in thickness can be attributed to an increase in particle size, These results are in 

good agreement with the findings of the researchers [134]. It is important to 

accurately measure and understand this effect to optimize the performance of 

CdTe-based solar cells and other optoelectronic devices [135]. 

 

Fig. (4.26): The allowed energy gap versus photon energy of CdTe thin films with 

different thickness. 
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Table (4.3): The values of the energy gap of the allowed direct transition of CdTe thin 

film with different thicknesses. 

The thickness of CdTe 

(nm) 
Optical energy gap (eV) 

65 3.62 

72 3.60 

80 3.56 

88 3.52 

100 3.51 

110 3.50 

124 3.46 

140 3.44 

 

4.2.2.8 Surface energy loss function (SELF) and volume energy loss 

function (VELF). 

        The Surface Energy Loss Function (SELF) and Volume Energy Loss 

Function (VELF) were calculated from the relations (2-21) and (2-22) 

respectively.  Fig.s (4.27) and (4.28) display the wavelength dependence of the 

SELF and VELF values of CdTe thin films with different thicknesses. The 

volume energy loss function (VELF) and surface energy loss function (SELF) 

are two key parameters that determine the amount of energy lost by CdTe thin 

films. The VELF describes the energy loss due to electron-phonon interactions 

within the bulk of the CdTe material, while the SELF accounts for energy loss at 

the surface interface. Both VELF and SELF are dependent on the thickness of 

the CdTe thin film. Research has shown that as the thickness of CdTe thin films 

increases, both VELF and SELF also increased, this is because the increased 

thickness leads to more surface interactions, resulting in a greater amount of 

energy loss [136].  

        On the other hand, when the film is very thin and can spread itself on a 

certain substrate, it is the best possible because it will disappear several energies, 

including the elastic energy, and it can be neglected because it controls by 

neglecting this energy, and thus there will be a direct interaction between the 
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nanomaterial and the surface. Also, the potential energy will be neglected, and 

this will lead to the formation of a first layer on the substrate and then a second 

surface energy will come to form a second layer and thus a volume will be 

formed. The volume appears because it is a surface with thickness. It will be 

volume, and therefore the volume energy will appear. Therefore, the volume 

energy according to this  figure does not show a large difference, while the 

surface energy will have a difference due to the very little thickness of the 

film.CdTe thin films have gained considerable attention in recent years due to 

their outstanding electronic and optical properties. One important aspect of 

studying CdTe thin films is understanding their energy loss mechanisms. 

 

Fig. (4.27): volume Energy loss function of a wave of CdTe thin films (VELF). 

0

1

2

3

4

5

6

3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  1 1 0 0  1 2 0 0  

V
EL

F 

wavelength 

65nm 72nm

80nm 88nm

100nm 110nm

124nm 140nm



Chapter Four                                                                     Results and Discussion 

69 

 

Fig. (4.28): Surface Energy loss function of a wave of CdTe thin films (SELF) 

4.2.2.9 Dispersion Parameters and dispersion energies 

        Dispersion parameters were studied and diagnosed using the Wemple-

DiDomenico model with different thicknesses. One of the primary outputs of the 

WDD model includes the calculation of single effective oscillator energy (Eo), 

dispersion energy (Ed), and estimated zero-frequency refractive index and 

dielectric constant (Ɛ∞), as well as the optical moments. The physical 

explanation of the measured quantities is provided by the Wemple-DiDomenico 

(WDD) model in Equation (23-2) . 

       The values of Ed and Eo can be derived directly from the intercept on the 

vertical axis (Eo/Ed) and slope (Ed. Eo)
-1

 of the plot, respectively, by showing the 

plot of (n2-1)
-1

 as a function of (hʋ)
2
 and fitting it to the straight line taken from 

the figures (4.29 - 4.36). Further, the static refractive index (no) and static 

dielectric constant (εo) were also evaluated using the equation (2-24). Table (4.4) 

includes the computed values of the dispersion parameters, which are shown to 

decrease as the thickness increases. The obtained values of (Eo≈2Eg) are 

proportional to the Tauc bandgap. Due to the free electrons on the film surface, 

0

1

2

3

4

5

6

300 400 500 600 700 800 900 1000 1100 1200

SE
LF

 

wavelngth 

65nm 72nm 80nm

88nm 100nm 110nm

124nm 140nm



Chapter Four                                                                     Results and Discussion 

70 

the manufactured films produced a conductive layer with very low values of Eg, 

which had a high reflectivity [111,112]. 

        It can also calculate the moments M−1 and M−3 of the optical spectra of thin 

films by using the relations (2-26), (2-27). Values of M-1 and M-3 are recorded in 

Table (4.4). From the Table, it could be noticed that optical moments (M-1) and 

 (M-3) increases by decreasing the thickness of the CdTe film. 

 

 

 

 

Fig. (4.29) : The relationship between (n
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 -1)
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 and (hʋ)
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 for thickness 65 nm 
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Fig. (4.30): The relationship between (n
2
 -1)

-1
 and (hʋ)

2
 for thickness 72 nm 

 

 

Fig. (4.31): The relationship between (n
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Fig. (4.32): The relationship between (n
2
 -1)

-1
 and (hʋ)

2
 for thickness 88 nm 

 

 

Fig. (4.33): The relationship between (n
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Fig. (4.34): The relationship between (n
2
 -1)

-1
 and (hʋ)

2
 for thickness 110 nm 

 

 

Fig. (4.35): The relationship between (n
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 and (hʋ)
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 for thickness 124 nm 
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Fig. (4.36): The relationship between (n
2
-1)

-1
 and (hʋ)

2
 for thickness 140 nm 
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Table (4.4): Dispersion parameters and moments of CdTe thin films deposited at 

different thickness values 

thin film 

(nm) 
E0(meV) Ed(meV) Eg(eV) Ɛ∞ n(0) M-1 M-3 

65 7.654655 10.20621 3.827328 2.33333 1.527525 1.333333 0.022756 

72 6.793662 6.793662 3.396831 2 1.414214 1 0.021667 

80 6.499231 4.92366 3.249615 1.7577576 1.325736 0.757576 0.017935 

88 6.281172 5.024938 3.140586 1.8 1.341641 0.8 0.020277 

100 6.065905 4.972053 3.032952 1.819672 1.348952 0.819672 0.022277 

110 5.804663 3.242829 2.902332 1.558659 1.248463 0.558659 0.01658 

124 5.700877 2.533723 2.850439 1.44444 1.20185 0.444444 0.013675 

140 5.029911 2.186918 2.514955 1.434783 1.197824 0.434783 0.017185 
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4.3 Conclusions 

        The summarized results from this work are the following : 

1- A successful thermal evaporation technique used to prepare CdTe thin films         

with fine thicknesses. 

2- The X-ray diffraction (XRD) results showed that the prepared films were 

amorphous. With increasing thickness, peaks of 𝑋 𝐷 were attributed to the 

CdTe that corresponded to the (111) cubic phase. 

3- From Atomic Force Microscopy (AFM), the roughness averages and root 

mean   square increase with thickness increase. 

4- Scanning Electron Microscopy (SEM) uniform morphology revealing a rather 

soft surface and with an increase in thickness led to changes in the surface 

morphology and increased roughness. 

5- Optical properties results showed the absorbance, absorption coefficient, 

extinction coefficient, refractive index, and real and imaginary dielectric 

constants increased with the increase of film thicknesses, while the 

transmittance and optical energy gap decreased. The CdTe thin films have 

allowed a direct energy gap that was decreased from 3.62 𝑒  – 3.44 𝑒  with 

increased thickness. 

6- The surface energy loss function (SELF) and volume energy loss function   

(VELF) values observed increased with the increment thickness. 

7- Dispersion parameters were provided by the Wemple-DiDomenico model. The 

values of the energy gap were estimated by a decrease as the thickness 

increased, which was comparable with that calculated by the Tauc equation. 
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4.4 Future Works 

1. The effect of thickness as antireflection coating of CdTe films for solar cell 

application. 

2. Thin film fabricated of CaF2-doped CdTe for optoelectronic applications. 
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 اٌخلاطح
. II-VIهٕان اٌعذَذ ِٓ الاعرخذاِاخ اٌىهشوػىئُح ٌلأغشُح اٌشلُمح ِٓ أشثاٖ اٌّىطلاخ 

إحذي هزٖ اٌّىاد اٌرٍ أثثرد فعاٌُرها فٍ إٔشاء اٌخلاَا اٌشّغُح وأخهضج اٌىشف اٌؼىئُح وذطثُماخ 

 (.CdTeالأخهضج اٌؼىئُح الأخشي هٍ ذٍُىسَذ اٌىادُِىَ )

اٌشلُمح عٓ ؽشَك اٌرثخُش اٌحشاسٌ ذٍُىسَذ اٌىادُِىَ   أغشُح  ذحؼُشفٍ اٌذساعح اٌحاٌُح , ذُ  

 , 72 , 65) عّاواخ ِخرٍفحذُ اٌحظىي عًٍ  إَذاعها عًٍ سوائض صخاخُحٌٍّادج ذحد فشاغ عاٌٍ و

 .ٔأىِرش( 124,146 , 116 ,100 ,  ,8688

ذُ دساعح ذأثُش عّاوح اٌفٍُُ عًٍ اٌخظائض اٌرشوُثُح واٌّىسفىٌىخُح واٌثظشَح. ذُ اٌعثىس  

. ٌىحع ذحغٓ الاشعح اٌغُُٕح  اخرثاس ِٓ هُىً ِىعة راخ اٌّثخشج حشاسَاً  ذٍُىسد اٌىادُِىَعًٍ أغشُح 

 وثُش فٍ اٌرثٍىس ِع صَادج اٌغّاوح.

( ٌٍرأوذ ِٓ أْ الأفلاَ AFMَرُ فحض ِىسفىٌىخُا اٌفٍُُ تىاعطح ِدهش اٌمىج اٌزسَح ) 

اٌّضسوعح ٌها عطح ِردأظ خُذ. صادخ اٌخشىٔح وخزس ِرىعؾ اٌمُّح اٌرشتُعُح وِرىعؾ اٌمطش ِع صَادج 

شىً اٌغشاء غُش واْ ٔأىِرش(  88 - 65( ٔأىِرش , ِٓ اٌغّاوح )140-100اٌغّاوح ِٓ اٌغّاوح )

 ِغرمش. 

ٌلأغشُح تىاعطح ِمُاط ؽُف ػىئٍ ِشئٍ ٌلأشعح فىق  ذّد دساعح اٌخىاص اٌثظشَح

 ُحالاِرظاط ذضداد( ٔأىِرش , عٕذِا َضداد اٌغّاوح ,1166-266اٌثٕفغدُح فٍ ٔطاق اٌطىي اٌّىخٍ )

فىٌد ِع صَادج اٌىرشوْ  3.42إًٌ  3.60ٔخفؼد فدىج اٌطالح اٌّثاششج ِٓ تُّٕا ذٕخفغ إٌفارَح. ا

( وفدىج إٌطاق اٌثظشٌ ذعرّذ تشىً ٍِحىظ عًٍ عّه A( والاِرظاطُح )Tاٌغّاوح ووخذ أْ إٌفارَح )

ِعاًِ الأىغاس , ِعاًِ الأمشاع , اٌحمُمٍ وأظهشخ إٌرائح اٌرٍ ذُ اٌحظىي عٍُها ِٓ اٌثىاتد  اٌفٍُُ ,

اٌطالح  اْأْ عّه اٌفٍُُ َؤثش تشذج عًٍ اٌّعٍّاخ اٌثظشَح. ذُ دساعح داٌح فمذ حمُمٍ واٌخُاٌٍاٌعاصٌح اٌ

 َادج اٌغّاوح. ( وخذ أٔها ذضداد ِع صVELF)اٌحدُّح فمذاْ اٌطالح  داٌح( وSELFاٌغطحُح )

 Wemple-DiDomenico (WDD)وّا ذُ ذمُُُ ِعاِلاخ اٌرشرد ٌلأغشُح تاعرخذاَ ّٔىرج 

 eV( 10.20-2.18( ٌلأغشُح وذٕىعد فٍ ٔطاق )Εo( وؽالح اٌّزتزب )Edذُ ذمُُُ ؽالح اٌرشرد )

اوحد ( واٌرٍ ذشM-3 و M-1اٌرشرد اٌثظشٌ ) حغاب ِعٍّاخعًٍ اٌرىاٌٍ. وّا ذُ  eV( 5.02-7.65و)

 ( عًٍ اٌرىاٌٍ.0.0227-0.0171( وِٓ )0.43-1.333ِٓ )

 



 

 

ٍاٌعٍّ واٌثحثوصاسج اٌرعٍُُ اٌعاٌٍ   

 خاِعح تاتً

 وٍُح اٌرشتُح ٌٍعٍىَ اٌظشفح

 لغُ اٌرشتُح فُضَاء
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