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Abstract 

Formation and characterization of AlSb/CdS heterojunctions 

 

In this thesis, thin films of Aluminum Antimonide (AlSb) and Cadmium Sulfide (CdS) are 

prepared by thermal evaporation technique onto glass and Indium Tin Oxide (ITO) substrates 

under a vacuum pressure of 10
-4

 mbar. The films are structurally, optically and electrically 

characterized. It was observed that thin films of AlSb and CdS exhibit polycrystalline nature of 

cubic and hexagonal structures, respectively. The structural parameters including the lattice 

parameters, the crystallite size, the microstrains, the defect densities and stacking faults are 

determined. Stacking of CdS onto AlSb, resulted in increased defect density, increased 

microstrains and decreased crystallite sizes. The structural changes were attributed to the lattice 

mismatches and the bonding mechanisms. Optically, both of CdS and AlSb/CdS displayed direct 

optical gap transition with energy band gaps of 2.45 and 2.20 eV, respectively. In spite of it is 

metallic character, AlSb substrates successfully enhanced the light absorbability (  ) in the 

visible range of light showing a maximum    of 14.8 at 2.21 eV. Analyses of the dielectric 

spectra have shown that AlSb can exhibit large dielectric constant values in the IR range of light. 

The dielectric constant of CdS decreased significantly when coated onto AlSb in the IR range. 

On the other hand, Drude-lorentz modeling of the imaginary part allowed determining the 

plasmon frequency, drift mobility, oscillator energy and relaxation time at femto second level. 

While AlSb displayed highest plasmon frequency, CdS showed higher mobility values. 

Interfacing of both layers resulted in moderate values of drift mobility and plasmon frequency. 

The values of plasmon frequency being in the gigahertz range nominate the studied films for 

4G/5G technologies. Form electrical point of view, the impedance spectroscopy which was 
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studied in the spectral range of 10-1800 MHz have shown that ITO/AlSb/C (IAC) devices 

exhibit band pass filter characteristics above 1800 MHz and ITO/AlSb/CdS/C (IACC) show 

multiband stop filter characteristics above 1200 MHz. Analysis of AC conductivity indicated 

domination of correlated barrier hoping conduction in IAC devices and combined mechanism of 

CBH and quantum mechanical tunneling in IACC devices. While the capacitance spectra of IAC 

samples show decaying trend of variation with increasing frequency, IACC samples displayed 

three resonance peaks at 217 MHz, 829 MHz and 1098 MHz. To explore the origins of the AlSb 

formation nature, the structural and electrical characterizations were repeated for the remaining 

bulky melt of the AlSb source material. One interesting feature is that the tip of the bulk is 

composed of 43% AlSb and the bottom is composed of 32%. The bulky AlSb displayed band 

pass filter characteristics above 1600 MHz. The study has shown that the films and bulky 

samples can be effectively used in optoelectronic applications. 

 

 

 

 

 

 

 

 



vi 
 

List of Contents 

 Title 
Page 

No. 

List of Tables  viii 

List of Figures  ix 

List of Symbols  xii 

Chapter One Introduction 1 

Chapter Two Theoretical Background 4 

 2.1 Heterojunction 4 

       2.1.1 Lattice mismatch 4 

       2.1.2 Critical thickness 5 

 2.2 The X-ray diffraction 5 

      2.2.1 Bragg's law 7 

      2.2.2 Scherrer Equation 7 

      2.2.3 Structural Parameters 9 

      2.2.4 Crystallography 11 

      2.2.5 Derivation of the spacing interplanar of cubic lattice 12 

 
     2.2.6 Derivation of the spacing interplanar of hexagonal 

lattice 
13 

 2.3 Optical properties  

 

14 

 

      2.3.1 The absorption coefficient 15 

      2.3.2 Tauc's equation and band gap measuring 17 

      2.3.3 Direct and indirect transition 18 

      2.3.4 Band Tails 19 

      2.3.5 The refractive index and the dielectric spectra 19 

      2.3.6 Drude-Lorentz Model 24 

 2.4 The RLC circuit  
 

25 

      2.4.1 The series RLC circuit 26 

 
     2.4.2 The reflection coefficient and return loss 

 

29 

 



vii 
 

 

 

     2.4.3 Alternating current and conduction mechanisms in 

solids 

30 

 

 

    2.4.4 Alternating current and Capacitance mechanisms in 

solids 

33 

Chapter Three Experimental Details 37 

 3.1 Substrate cleaning 37 

 3.2 Heater preparation 37 

 3.3 Deposition process and thin film preparation 38 

 3.4 Bulk analysis 41 

 3.5 Thin films analysis 
 

42 

      3.5.1 The X-ray Diffraction measurements 
 

42 

      3.5.2 The optical measurements 
 

43 

      3.5.3 Impedance measurements 
 

44 

      3.5.4 The “Hot-Probe” Technique  
 

45 

Chapter Four Results and Discussion  
 

46 

 4.1 Structural Analysis 
 

46 

 4.2 Optical Analysis 
 

57 

 4.3 Impedance spectroscopy analysis 
 

68 

Chapter Five Conclusion 
 

78 

References 
 

 

80 

 الملخص
 

 

90 

 

 

 

 



viii 
 

List of Tables 

No. Title Page 

No. 

2.1 The    Braves lattice for solid state materials and their 

conditions. 

11 

4.1 The structural parameters of AlxSby and AlxSb4x alloy films of 

the main peak. 

47 

4.2 The structural parameters of AlxSby and AlxSb4x alloy films of 

the main peak. 

50 

4.3 The structural parameters of AlSb, CdS and AlSb/CdS films are 

obtained from the maximum peak FWHM. 

53 

4.4 The bond length and the bond energy of the bonding atoms. 54 

4.5 The ionic radius and electronic configuration of In, Sn, O, Al, 

Sb, Cd and S atoms. 

55 

4.6 The structural parameter of ITO/AlSb, ITO/CdS and 

ITO/AlSb/CdS samples. 

57 

4.7 The optical conduction parameters for AlSb, CdS and AlSb/CdS 

films. 

67 

4.8 The electrical conduction parameters for ITO/AlSb and 

ITO/AlSb/CdS devices. 

72 

 

 

 

 

 

 

 

 

 



ix 
 

List of Figures 

No. Caption Page 

No. 

 

2.1 

 

Two materials with partially mismatched lattice parameters    and   . 

(a) the materials are isolated from each other. (b) with a thick 

heteroepitaxy layer, the epitaxial layer stretched having dislocations at 

the interface. (c) with a thin heteroepitaxy layer, the epitaxial layer 

strained without dislocations at the interface. 

 

5 

2.2 The schematic diagram of the X-ray diffractometer. 6 

2.3 The schematic diagram of Bragg scattering on the lattice surface.  

 

7 

2.4 The full width at half maximum (FWHM). 9 

 

2.5 The effect of strain on the crystal atoms. 

 

10 

2.6 The cubic lattice structure. 

 

12 

2.7 The hexagonal lattice structure. 

 

13 

2.8 The transmittance, reflectance and absorbance of a light incident on the 

optical material. 

 

14 

2.9 (a) Absorption coefficient plotted as a function of the photon energy in a 

typical semiconductor and (b) Taue absorption spectra. 

 

17 

2.10 Incident photons cause solid interband (a) direct and (b) indirect 

transitions. 

 

18 

2.11 The RLC series circuit. 

 

26 

2.12 

 

The series RLC analysis. 27 

2.13 

 

Phasor diagram of the RLC series circuit. 28 

2.14 

 

The impedance triangle of the RLC series circuit. 28 

3.1 The glass tube preparation. 38 

3.2 The VCM 600 evaporation set up. 

 

39 

3.3 The setup of the evaporation process for the third and fourth runs.  

 

39 



x 
 

 

3.4 

 

The geometrical design of glass/AlSb, glass/CdS, glass/AlSb/CdS, 

ITO/AlSb, ITO/CdS and ITO/AlSb/CdS heterojunction samples. 

 

40 

 

 

3.5 

 

The optical images of the real samples of glass/AlSb, glass/CdS, 

glass/AlSb/CdS, ITO/AlSb, ITO/CdS and ITO/AlSb/CdS. 

 

 

41 

3.6 The piston and the press machine of bulk. 41 

3.7 The two faces of the pressed AlSb bulk.  

 

42 

3.8 Rigaku MiniFlex 600 X-ray diffractometer. 43 

3.9 The UV-VIS spectrophotometer  

 

44 

3.10 Agilent 421BRF signal generator impedance analyzer spectrometer 

setup. 

 

44 

3.11 The hot-probe technique.  

 

45 

4.1 The X-ray diffraction patterns for the AlxSby and AlxSb4x alloy films. 

The inset shows the maximum peak of the samples.   

46 

4.2 The X-ray diffraction patterns for AlSb brown face bulk. 

  

49 

4.3 The X-ray diffraction patterns for AlSb white face bulk. 

 

49 

4.4 The X-ray diffraction patterns for AlSb, CdS and AlSb/CdS films. 

Inset-1 shows the geometrical design of the final measured sample.  

Inset-2 shows the optical image of the final sample.  

Inset-3 shows the CdS slab effect on the main reflection peak. 

51 

   

4.5 The X-ray diffraction patterns for ITO, ITO/AlSb, ITO/CdS and 

ITO/AlSb/CdS samples.  

Inset-1 shows the geometrical design of the ITO/AlSb/CdS sample. 

Inset-2 shows the optical image of the ITO/AlSb/CdS sample.  

Inset-3 shows the CdS slab effect on the main reflection peak. 

56 

4.6 (a) The transmittance, (b) the reflectance and (c) the absorption 

coefficient spectra for the AlSb, CdS and AlSb/CdS films. 

 

58 

4.7 (a) the absorption coefficient spectra for the AlSb substrate, (b) the 

absorption coefficients spectra for the CdS deposited on glass and AlSb 

substrate films and (c) the Tauc’s equation plotting’s for the CdS and 

AlSb/CdS films. 

 

60 

4.8 The absorbability spectra for the AlSb/CdS heterojunction. 

 

62 



xi 
 

 

4.9 

 

(a) The 𝑙𝑛(𝛼)−𝐸 variations for the CdS and AlSb/CdS films, (b) the real 

part of the dielectric spectra for the AlSb, CdS and AlSb/CdS films, the 

imaginary part of the dielectric spectra for (c) AlSb, and (d) CdS and 

AlSb/CdS films. The dark gray circles in the figure are the fittings that 

reveal the conduction parameters represented in Table 4.7. 

 

64 

4.10 (a) The impedance, (b) the magnitude of the reflection coefficient, (c) the 

return loss spectra for the ITO/AlSb film and ITO/AlSb/CdS 

heterojunction devices. 

69 

4.11 (a) and (b) The AC conductivity for ITO/AlSb and ITO/AlSb/CdS films, 

respectively. The insets of (b) show the S' exponent parameter variation 

with frequency. 

71 

4.12 (a) and (b) The capacitance spectra for ITO/AlSb and ITO/AlSb/CdS 

Schottky barriers, respectively. The insets of (a) and (b) show the 

geometrical design of the measured samples. 

74 

4.13 (a) The impedance, (b) the resistance, (c) the magnitude of the reflection 

coefficient, (d) the return loss spectra for the AlSb bulk devices. 

76 

4.14 (a) The conductance and (b) the capacitance spectra for AlSb bulk 

devices . 

77 

  

 

 

 

 

 

 

 

 



xii 
 

List of Symbols 

Symbol Symbol Meaning 

AlSb Aluminum antimonide 

CdS Cadmium sulfide 

ITO Indium Tin Oxide 

IAC ITO/AlSb/C thin film 

IACC ITO/AlSb/CdS/C thin film 

  The lattice mismatch 

   Epitaxial Layer Lattice Constant 

   Substrate Lattice Constant 

Eg Energy band gap 

   Critical Thickness  

θ Bragg angle 

d Inter-planner distance 

  Wavelength 

n Integer 

D Crystallite Size 

  The peak broadening at full width half maximum peak in  radians 

k The shape factor 

α Absorption Coefficient 

Ee The width of the band tails 

ε1 (E) The real part of the dielectric constant 

ε2 (E) The imaginary part of the dielectric constant 

K (E) Extinction coefficient 

R (E) The normal incidence reflectivity 

εeff The effective dielectric constant  

μeff The effective permeability 

εs The permittivity of semiconductor 

χ The electron affinity 

CBH Correlated Barrier Hopping 

QMT Quantum Mechanical Tunneling 

    Plasmon frequency of electron 

    Plasmon frequency of hole 

G Conductance 

 Conductivity 

o Relaxation time 

v Phonon frequency 

C Capacitance 

 Reflection coefficient 

Lr Return loss 



1 
 

Chapter One 

Introduction 

Aluminum antimonide (AlSb) thin films have attracted the attention owing to their 

wide range of applications. In general, they have applications as Electro-optical 

devices [1] and as x-ray detectors [2]. In addition, they are used as absorbent layers in 

thin-films solar cells [3, 4-5]. AlSb thin films capture the interest as a photovoltaic 

material suitable for solar cell fabrication [4, 6] and other opto-electronic applications 

[7, 8]. In that sector, the cell conversion efficiency was identified to be 18.07%.  

Moreover, AlSb films have potential applications in radiation detection [2, 9-10]. In 

the same context, AlSb as smart materials can be used in the design of temperature 

based photo sensing device [9, 11]. Heterojunctions that employ AlSb as interfacing 

layers are beneficial for thermoelectric applications [12, 13]. Films of AlSb having a 

high electron mobility can be used in applications which require high speed electronic 

devices [10]. As another AlSb heterojunction devices they are used to produce thin 

film transistors with a band gap of 1.62 eV [4, 9, 14].  

On the other hand, Cadmium Sulfide (CdS) as a semiconductor of the II-VI group is 

known to exhibit a wide band gap of 2.4 eV [15, 16]. They are used in many 

applications as microwave receivers [17]. They exhibit a negative capacitance effect 

and form band stop filters. As another type of application, CdS is attractive as 

photoelectrochemical cell (PEC) for bioanalysis applications [18, 19]. Carbon 

decorated nanostructured CdS fiber networks show stable photocurrent. CdS is also 

used as photo catalytic material [15, 20-22]. The performance of CdS-nanowires as 

photoelectrochemical solar cells and sensitized solar cells is remarkable [23-26]. In 

other work, CdS also has applications as photoconductors [27] and as quantum dots. 

https://www.sciencedirect.com/topics/chemistry/quantum-dot
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Fluorescence sensors of this material show enhanced sensing features [28]. These 

quantum dots are also regarded as supercapacitors [29]. Furthermore, optical-

nonlinear-limiting applications were noticed when CdS films were doped with Tin 

[30].   

Literature data included information about preparation using thermal evaporation 

technique for preparing p-type AlSb thin-film. The films were prepared on n-type Si 

substrates [3]. It is reported that these films are of the best properties and good 

quality. In another work, magnetron sputtering technology is used for preparation of 

Cu doped AlSb [31]. The produced films are annealed at 500 °C and found to reduce 

deliquescence speed. Several researchers have used the pulsed laser deposition (PLD) 

method [4]. These studies show a reduced band gap of 1.4 eV of the AlSb-Zn film. In 

addition, AlSb thin films are prepared by a screen printing and sintering method [7, 

32]. The DC conductivity measurements affirmed that these films have a 

semiconducting nature [7, 14, 33]. As another technique, single step electrodeposition 

was used to grow AlSb films on the brass sheet. The X-ray diffraction shows that the 

films have a polycrystalline nature. The SEM studies indicated that the AlSb films 

exhibit uniform, large and smooth spherical grains morphology. The energy 

dispersive X-ray spectroscopy (EDAX) studies show that the electrodeposited AlSb 

thin films are nearly stoichiometric [33].  

Many techniques have been employed to improve the physical properties of CdS. For 

example, evaporation a layer of yttrium between two layers of CdS using physical 

vapor deposition. This technique enhanced the light absorbability by ~5 times near 

~1.74  eV [17]. In addition, the praseodymium doping to Cadmium Sulfide was also 

able to improve the optoelectrical properties of CdS thin films [34]. These films were 

https://onlinelibrary.wiley.com/doi/abs/10.1002/celc.201901969
https://www.sciencedirect.com/topics/materials-science/conductivity
https://www.sciencedirect.com/topics/physics-and-astronomy/yttrium
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fabricated by using spray pyrolysis technique. The energy gap was found to lie in the 

range of 2.40–2.44 eV.  

In the light of the mentioned information about AlSb and CdS thin films, we were 

motivated to construct a heterojunction device from both materials and test its 

possible applications. Here in this work, AlSb thin films of thickness of 130 nm are 

used as a substrate to prepare semiconductor layers of CdS by the thermal evaporation 

method under high vacuum pressure. The produced films are investigated by means of 

X-ray diffraction, optical spectrophotometry and impedance spectroscopy techniques.      
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Chapter Two 

Theoretical Background 

2.1 Heterojunction 

The heterojunction is the junction that forms between two dissimilar semiconducting 

materials with unequal band gaps. The difference in the band gaps of these two 

semiconductors provides very exciting phenomena for semiconductor-device 

applications. The heterojunction devices are prepared by different techniques, 

including molecular epitaxial technique, thermal evaporation technique, flash 

evaporation technique. Two materials with similar lattice constants but different 

energy gaps can make a good combination for heterojunction devices [35]. 

 

2.1.1 Lattice mismatch 

The lattice mismatch ( ) is defined as: 

  
|     |

  
                                                                                                                               

Where    and    , are the lattice parameters of the epitaxial and substrate layers, 

respectively [35]. A severe lattice mismatch can cause dislocations at the interface. 

Which results in electrical defects such as interface traps. It became clear that good-

quality heteroepitaxy can continue to grow if the lattice parameters are not 

significantly mismatched, provided the epitaxial-layer thickness is small enough. The 

amount of lattice mismatch is directly related to the maximum allowed epitaxial 

layers. While, for a thick heteroepitaxial layer, dislocations at the interface are 

unavoidable because the physical mismatched terminating bonds at the interface. 

Dislocations can be avoided in a thin enough layer by physically straining until its 

lattice constant becomes the same as the substrate layer [35]. Fig. 2.1 shows how the 
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epitaxial lattice parameter    is strained to follow that of the substrate    (the 

epitaxial layer follows the lattice of the substrate). 

 

 
Figure 2.1: Two materials with partially mismatched lattice parameters    and   . (a) the 

materials are isolated from each other. (b) with a thick heteroepitaxy layer, the epitaxial layer 

stretched having dislocations at the interface. (c) with a thin heteroepitaxy layer, the epitaxial 

layer strained without dislocations at the interface. 

 

2.1.2 Critical thickness 

During epitaxial layer growth, the first few layers are coherent with the matrix, and 

the film lattice could suffer tetragonal distortion. As the thickness of the film 

increases, dislocations tend to nucleate, and this partially relaxes the strain caused by 

lattice mismatch, and the thickness at which this occurs is defined as the critical 

thickness (tc). The good quality of heterojunctions requires that the epitaxial-layer 

thickness to be small enough. 

The critical thickness      of the strained layer is given by equation, [35]  

   
  

  
                                                                                                                                        

By substituting equation (2.1), the equation of critical thickness becomes: 

   
  

 

 |     |
                                                                                                                          

 

2.2 The X-ray diffraction (XRD) 

X-ray diffraction is an effective technique to detect information about the structure of 

solid-state materials. As shown in Fig. 2.2, basically, the XRD device consists of the 
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X-ray source, a sample stage and the X-ray detector. In this figure, the angle   is 

located between the plane of the sample and the X-ray source. Also, the angle    is 

placed between the X-ray source and the detector. The incident beam of 

monochromatic X-ray is scattered by each atom inside the sample. 

 
Figure 2.2. The schematic diagram of the X-ray diffractometer [36]. 

 

If the scattered beams are in phase, then constructive interference occurs and the 

crystalline nature of materials appears, otherwise the destructive interference occurs 

and the amorphous nature of materials appears. In addition, the maximum intensity 

will occur at the specific angle in a particular plane orientation. The angle values (2θ) 

of the peak significantly depend on the wavelength of the anode material of the X-ray 

tube. Copper X-ray tubes with a wavelength of          were used for XRD 

production. Copper  -alpha is the X-ray energy that is often used in lab scale X-ray 

devices. The energy of Cu-Kα is about 8.04    . The XRD patterns can be clearly 

observed. The interplanar distance between two planes of material atoms is easy to 

determine with the help of Bragg's law. After calculating the interplanar distance, the 

lattice parameters, the lattice constant and also the crystalline structure of the material 

can be determined. 
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2.2.1 Bragg's law 

X-ray diffraction analysis is based on Bragg's law. It indicates that all of the rays 

scattered from atoms at same locations on parallel planes, as seen in Fig. 2.3, which 

leads to an amplified signal. Bragg’s law relates the inter-planar distance between the 

atomic planes (d), the angle diffraction (θ) and the wavelength of the reflected X-ray 

as follows [37]: 

       𝑛                                                                                                                               

Where   is the inter-planer distance between two atomic planes which is measured in 

angstrom,   is the angle between the incident beam and the plan surface, n is a 

positive integer representing the diffraction order and   is the X-ray wavelength 

which is equals to 1.5405 Å for Copper X-ray tube along the  𝛼 line.  

The condition of constructive interference occurs when the path difference between 

the two waves is equal to multiple integers of the wavelength as Bragg’s law shows. 

 
Figure 2.3: The schematic diagram of Bragg scattering on the lattice surface. 

 

2.2.2 Scherrer Equation  

Scherrer equation is a simple and well-known expression for calculating the crystallite 

size (D) from the X-ray diffraction peaks [38]. The Scherrer equation can be obtained 

in a simple method by taking the derivative of Bragg's law, multiplying both sides of 



8 
 

Bragg's equation (2.4) by an integer  , and replacing         , where   is the crystal 

thickness and assumes 𝑛   .  

                                                                                                                                  

                                                                                                                                      

Equation (2.6) represents the     order reflection from a set of planes with an inter-

planar distance t. 

Derive both sides of the equation (2.6): 

                                                                                                                      

  
          

         
                                                                                                                           

Since    maybe positive or negative, the absolute value must be used. 

Using         , and substituting  
 

 
  for       from Bragg’s law, to get: 

  
 

          
                                                                                                                       

   refers to the half width of the peak, so 2   is the full width of the peak at half 

maximum    . Substituting   for     , where is the angular width, (D) is the 

crystallite size equation: 

  
 

     
                                                                                                                               

Finally, many complicated derivations indicated that the exact Sherrer's formula, 

where λ is multiplied by a factor of  . 

  
  

     
                                                                                                                               

Where   is the Scherrer constant, which depends on the crystalline shape, Bragg and 

Miller indices show that the value of k is about 0.94 [39], λ is the wavelength of the 

incident X-ray beam, β is the line broadening at half the maximum intensity measured 
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in radians, and θ is the Bragg angle. Fig. 2.4 illustrated the full half maximum 

intensity. 

 
Figure 2.4: The full width at half maximum (FWHM) 

 

The full width at half maximum can be calculated as can be seen from Fig. 2.4: 

  
   

 
                                                                                                                                 

𝐸  
    

 
                                                                                                                                

The position value of the full width high maximum (FWHM)  𝐸    

Then   can be obtained from the following equation: 

   |       |  (
    

   
)                                                                                                 

2.2.3 Structural Parameters  

Different structural parameters were measured by using the XRD pattern study. Some 

of these parameters are the grain size   , lattice strain    , dislocation density     

and stacking faults      . These parameters are determined from the broadening 

width        ) (2.14) of the most intensive peak upon the following relations [40]. 
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The grain size     is the diameter of an individual grain in the crystal [41]. It is 

calculated using the Scherrer formula:  

  
      

     
                                                                                                                               

The lattice strain ( ) is the ratio of contraction or expansion in bond lengths to the 

original bond lengths [41]. It is measured by the following equation:                                                 

  
 

         
                                                                                                                             

The dislocation density ( ) is a measure of the number of dislocations in a unit 

volume of the crystal, and it can be calculated by the following equation: 

  
     

   
  𝑙 𝑛     ⁄                                                                                                               

Where   is the strain,   is the lattice constant in a-axis and   is the grain size. 

Fig. 2.5 displays the two types of strain and its effect on the crystal structure, also it 

shows the behavior of the peak if the strain occurred. 

 

Figure 2.5: The effect of strain on the crystal atoms. 

 

The stacking fault (   ) is a type of defect that characterizes the crystallographic 

plane disordering. It is classified as a planar defect that can occur in crystalline 

material [41]. 

    
     

  √         
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2.2.4 Crystallography 

A crystal consists of a periodic pattern of unit cells arranged into a lattice. The unit 

cell could contain a single atom or multiple atoms arranged in a fixed pattern. 

Crystalline solid materials consist of planes of atoms separated by a distance  . It can 

be planned into many atomic planes, each with a different d spacing,  ,   and   

lengths, and 𝛼,   and   angles between  ,   and   are lattice constants which can be 

measured by XRD. Atoms can be arranged in crystals in fourteen different three-

dimensional configurations known as Braves lattice. These Braves lattice are 

classified into seven systems (structures), as seen in Table 2.1 below. 

 

Table 2.1. The    Braves lattice for solid state materials and their conditions [37]. 

 

Crystal structure Conditions Number of Braves 

lattice 

Cubic 

  

a1=a2=a3  
3 

α==γ=90
0
 

Hexagonal  

 

a1=a2≠a3 
1 

α== 90
0
, γ=120

o
 

Trigonal  

 

a1=a2=a3  
1 

α==γ<120
o
≠90

0
 

Tetragonal  

 

a1=a2≠a3 
2 

α==γ=90
0
 

Orthorhombic  

 

a1≠a2≠a3 
4 

α==γ=90
0
 

Monoclinic  

 

a1≠a2≠a3 
2 

α==90
0
≠γ 

Triclinic  
a1≠a2≠a3  

1 
α≠≠γ≠90

0
 

 
 

Each group of Braves lattice is divided into several types based on structural 

characteristics, for a total of 14 Braves lattice. The orientation of a crystal plane or a 

surface can be described by considering how the plane (or any parallel plane) 

intersects the solid's main crystallographic axis. The Miller indices (hkl) are assigned 

according to a set of rules. These are a set of numbers that quantify the intercepts and 

can thus be used to uniquely characterize the plane of surfaces. 
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2.2.5 Derivation of the spacing interplanar of cubic lattice: 

 
Figure 2.6: The cubic lattice structure. 

The inter planner spacing dhkl is the perpendicular distance between parallel planes. 

The intercepts of the main plan on the three a'es: 

       

       

     𝑙 

From the figure: (Interplanar spacing dhkl is equal to the origin along the normal ( ) 

direction of the plane) 

    𝛼              

                   

               𝑙   

Using the relationship of directional cosines: 

     𝛼                    

We obtains 

                   
 

√      𝑙 
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2.2.6 Derivation of the spacing interplanar of hexagonal lattice: 

 
Figure 2.7: The hexagonal lattice structure. 

A hexagonal structure where the angle between basic vectors a and b is 120
◦
 

For the hexagonal structure we have: 

          

𝛼           

         

By using the triclinic equation [42] to define the interplaner spacing: 

 

    
   

 

[       𝛼                   𝛼                 ]

 [
       𝛼 

  
 

         

  
 

𝑙        

  

 
   

  
     𝛼                

  𝑙

  
                  𝛼  

 
 𝑙 

  
           𝛼         ] 

Substitute the condition of the hexagonal structure to get: 

 

    
   

 

[           ]
 [

     

  
 

𝑙          

  
 

   

  
           ] 
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[  
 
 ]

 [
     

  
 

𝑙  
 
 

  
 

   

  
(
 

 
)] 

As a result, we get: 

 

    
   

 

 
(
        

  
)  

𝑙 

  
                                                                                           

 

2.3 Optical properties 

Suppose a medium (semiconductor material) is exposed to a light beam of a specific 

propagation thickness. Then the incident beam may be transmitted or reflected outside 

the medium or propagated through the medium. Linear optical propagation involves 

four processes: refraction, absorption, luminescence and scattering. Fig. 2.8 displayed 

the transmittance, reflectance and the absorbance of incident light on the optical 

medium. 

 
Figure 2.8. The transmittance, reflectance and absorbance of a light incident on the optical 

material. 

 

Refraction can be referred as light bending when it passes from one interface to 

another. Light bending at the interface between two mediums is described by snell's 

law [35]. 

𝑛       𝑛                                                                                                                     
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Absorption is essentially related to the propagation of light frequency. When the light 

frequency is equal to the frequency of solid material oscillation, then the light will be 

absorbed. 

The study of optical properties includes the measurement of transmittance    , 

reflectance    , absorption coefficient  𝛼 , energy band gap  𝐸  , refractive index 

and dielectric constant    . 

 

2.3.1 The absorption coefficient () 

If the photon is absorbed inside the material, it will be able to excite an electron and 

transferred from the valence band to the conduction band. The absorption of light by 

an optical medium is measured by its absorption coefficient 𝛼    . Which determines 

how far into a material light of a specific wavelength can penetrate before being 

absorbed.  

Consider a light beam propagating in the   direction, and if the light intensity at point 

  is     , the decrease in light intensity in an incremental slice thickness      is given 

by: 

    𝛼                                                                                                                               

Integrate both sides of the equation (2.22), to obtain a formula of Beer's law [43] 

which states: 

         
                                                                                                                              

Where    is the light intensity at    , 𝛼 is the absorption coefficient, and   is the 

material thickness. Since the absorption coefficient is a strong function that depends 

on frequency, then the optical material can absorb one color without the other [44]. 

Transmissivity (T) is the efficiency at which the radiant energy is transmitted through 
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a volume. The light transmissivity in an optical medium of thickness 𝑙 can be written 

as [44]: 

                
                                                                                                       

Where    and    are the reflectivities of the front and back surfaces, respectively. 

Thus, the terms          and         reflect the transmission of the front and back 

layer surfaces of the medium, respectively. The expression        represents an 

exponential relation decrease in the light intensity in accordance with Beer's law.  

Assume that    and    are equal, then the equation (2.24) becomes: 

                                                                                                                                 

As two materials are deposited on the glass substrate, the transmissivity becomes: 

                     
                                                                                       

The absorbance     of a grown film can be calculated if the transmittance     and 

reflectance     of the film are known: 

     (
 

(        )(         ) 
)                                                                            

If the thickness of the film     is monitored, the absorption coefficient 𝛼     can be 

connected to the absorbance     of the film using the following relation: 

   𝛼                                                                                                                                        

Thus, the absorption coefficient 𝛼     at thickness 𝑙    is written as: 

𝛼       
 

 
  (

 

                   
)                                                                

Similarly, the absorption coefficient for four materials deposited in a glass substrate is 

given by: 

𝛼   
 

 
  (

 

                        
)                                                           
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In this work   ,   ,    and    represent the reflectance of glass, AlSb, CdS and 

AlSb/CdS, respectively, and d is the layer thickness of the thin film. 

 

2.3.2 Tauc's equation and band gap measuring: 

Tauc's equation is used in accordance with absorption coefficient spectra to calculate 

the optical band gap of semiconductors and heterojunctions. Tauc's equation indicates 

that the energy band gap is directly proportional to  𝛼𝐸  . Where the exponent     

implies the nature (characteristic) of the transition. The Tauc's equation formula is 

given in the equation (2.31) below [45]. 

 𝛼𝐸     (𝐸  𝐸 )                                                                                                               

Where   is a constant that depends on the electron transition probability, 𝐸 is the 

incident photon (light) energy, 𝐸  is the energy band gap and   is an index that 

describes the optical absorption process. 

The parameter   theoretically equal to   
 

 
      

 

 
 corresponding to indirect 

allowed, direct allowed, indirect forbidden and direct forbidden electron transitions 

between valence and conduction band, respectively. 

 

 
Figure 2.9: (a) Absorption coefficient plotted as a function of the photon energy in a typical 

semiconductor and (b) Taue absorption spectra.  
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Generally, the Tauc relation is:  

𝛼   (   𝐸 )
 
                                                                                                                 

Where    represent the incident photon energy, from  𝛼𝐸     𝐸 plot and by taking 

the widest range of linear data in the high absorption region upon linear fitting, the 

energy gap for semiconductor materials can be determined from the intercept of the 

photon energy axis  𝐸       . Fig. 2.9 shows the absorption coefficient spectra 

plotting versus the photon energy  𝐸  and the energy gap  𝐸   determination, which 

requires  𝛼𝐸     plotting versus the photon energy  𝐸 . 

 

2.3.3 Direct and indirect transition: 

 
Figure 2.10: Incident photons cause solid interband (a) direct and (b) indirect transitions. 

 

The band gap energy is the energy range between the valence band and conduction 

band where the electron states are forbidden inside it. Fig. 2.10 illustrates the direct 

and indirect band gap semiconductors. In the direct band gap, the top of the valence 

band and the bottom of the conduction band appear at the same momentum value. In 

contrast, the indirect band gap is characterized by the maximum of the valence band 

and the minimum of the conduction band are dissimilar in momentum value (k-

vectors). This difference in k-vectors exhibits misaligned bands that require a phonon 
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assistance for excited electron to be absorbed into the conduction band. While, for the 

direct band gap materials, a change in the crystal momentum (k) is not involved and 

no phonon assistance is needed.  

 

2.3.4 Band Tails 

Along the absorption coefficient curve and near the optical band edge there is an 

exponential part dependence on the photon energy called Ubrach tail (band tail) [46]. 

These tails arise in the disordered, amorphous and low crystalline materials, because 

these materials have localized electronic states that are extended in the band gap (near 

the bottom of the conduction band or the top of the valence band). 

The Urbach’s rule is described as follows: 

𝛼  𝛼   
 

  
⁄                                                                                                                               

Where 𝛼 is the absorption coefficient, 𝛼  is a constant, 𝐸 is the photon energy and 𝐸  

is the width of the band tail of the localized state associated with the amorphous state. 

Taking the logarithm of the two sides of the equation (2.33), we can obtain a straight 

line equation. It is given by: 

  𝛼    𝛼  (
𝐸

𝐸 
)                                                                                                                

Plotting 𝑙𝑛 𝛼  as a function of incident photon energy  𝐸 , the enter band energies 

can be determined from the slope of the straight line. 

 

2.3.5 The refractive index and the dielectric spectra: 

The refractive index of a material is a dimensionless number that represents how fast 

light passes through the material. Which is determined by the incident optical beam's 

wavelength. A complex refractive index can be used to characterize the light 
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propagation in optical materials [47]. While the real part accounts for refraction, the 

imaginary part handles the attenuation. The complex refractive index formula is 

introduced by the dispersion equation, which is given by the following relations:  

 ̃        𝑛                                                                                                                

                             
 
                                                                                                         

Where 𝑛 is the refractive index,   is the extinction coefficient ,    and     is the real 

and imaginary dielectric constants, respectively. 

The dielectric constant (ɛ) or relative permittivity is the ratio of material permittivity 

relative to the vacuum permittivity. The dielectric constant, as the refractive index, is 

a complex number that consists of real and imaginary parts. To obtain the dielectric 

constant and derive the relation between the extinction and absorption coefficients, 

suppose an incident electromagnetic wave propagating in        within a dielectric 

material compromises an electric field in the x-direction:  

𝐸⃗   𝐸  
                                                                                                                              

Where 𝐸  is the amplitude at    ,   is a wave vector and   is the angular 

frequency. The following equation expresses the relation between   and  .  

  
  

 
 
𝑛 

 
𝑛 

 
                                                                                                                           

It can be generalized by using the complex refractive index. 

  
 

 
  ̃                                                                                                                               

The electric field, including the incident and reflected waves, becomes:   

𝐸⃗   𝐸  
  
  
 

  ̃                                                                                                                  

The electric field includes the incident and reflected waves moving along +        

and -      , respectively:   
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𝐸⃗   𝐸  
  
  
 

      𝐸  
   

  
 

                                                                                           

𝐸  𝐸  𝐸                                                                                                                              

Where 𝐸  𝐸  𝑛  𝐸  are relating by the continuity equation for    tangential 

magnetic field component at the dielectric surface.  

Using Maxwell's equations: 

  𝐸⃗   
 

 

  ⃗⃗ 

  
 

   

 

  ⃗⃗ 

  
                                                                                                   

By applying the curl relative to        to the        𝑛 𝑛  of the incident 

electric field, we attain 

 𝐸⃗  
  

 
   

 

  ⃗⃗  

  
                                                                                                                        

The derivative of the equation (2.41) relative to z is:  

𝐸   𝐸 

 

 
 𝐸 

 

 
   𝐸 

 

 
 ̃                                                                                       

Simplification of the equations (2.45) yields: 

                 𝐸  𝐸        𝐸  ̃                                                                                             

By solving the equations (2.42) and (2.46) we get: 

{
𝐸  

 

 
𝐸 (   ̃       )                                                                                                    

𝐸  
 

 
𝐸 (   ̃       )                                                                                                    

  

 

The normal reflectance of the incident is given by the relation: 

  |
𝐸 

𝐸 
|
 

                                                                                                                                   

Simplifying equation (2.49) by substituting the equations (2.47) and (2.48): 

  |
   ̃       

   ̃       

|
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Substitute equation (2.35) in (2.50), to get: 

  
  𝑛   𝑛    

  𝑛   𝑛    
                                                                                                           

The unity terms will be ignored in the case of a highly absorbed medium with a 

significant value of 𝑛  𝑛     𝑛      , and equation (2.51) becomes:  

  
𝑛   𝑛    

𝑛   𝑛    
                                                                                                                   

From that,  

 𝑛    𝑛      𝑛   𝑛                                                                                        

     𝑛        𝑛                                                                                     

Using the solution of square root equation (  
   √      

  
)to obtain:  

𝑛  
        √                     

      
                                                  

And it can be simplified to:  

𝑛   
     

     
 √(

   

   
)
 

                                                                                         

 

Thus, the roots are:  

{
 
 

 
 
𝑛   

     

     
 √(

   

   
)
 

                                                                                  

𝑛   
     

     
 √(

   

   
)
 

                                                                                   

 

 

It is known that the effective dielectric constant (    ) is expressed in terms of the 

dielectric refractive index (𝑛) through the relation: 

𝑛  √                                                                                                                                       
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Thus, the equation (2.56) becomes:  

√      
     

     
 √(

   

   
)
 

                                                                                 

 

Thus, the two distinct solutions of     :  

{
 
 

 
 
     

  
     

     
 √(

   

   
)
 

                                                                              

       
     

     
 √(

   

   
)
 

                                                                              

 

To drive the formula of dielectric constant ( ) in the terms of the complex refractive 

index ( ̃       ):  

 ̃        √                                                                                                                          

Thus, for non-magnetic materials      :  

 ̃        √                                                                                                                          

Since the dielectric constant is a complex number, it can be written as follows: 

                                                                                                                                  

Where     𝑛       are the real and imaginary parts of the dielectric constant, 

respectively. 

Substituting equation (2.35) for equation (2.64) yields: 

( ̃       )
 
       𝑛                                                                                                

     𝑛       𝑛                                                                                                            

Comparing the equations (2.67) and (2.65) to get:   

   𝑛                                                                                                                                  

      𝑛                                                                                                                                 
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Consider that an electromagnetic wave propagates in the           𝑛 of a medium 

with the following electric field, to obtain the relation between   and 𝛼:  

𝐸⃗       𝐸  
                                                                                                                       

Where 𝐸  is the amplitude at      𝑛     ,   is the wave vector and   is the 

angular frequency.  

The relation between the extinction coefficient    𝑛    is given by:  

  
  

   ̃⁄  
                                                                                                                                

Combining equations (2.35), (2.39), (2.70) and (2.71), thus:  

  
 

 
  𝑛                                                                                                                             

𝐸⃗       𝐸  
 (
   
 

   )  
   
                                                                                                 

The optical intensity of a light wave is known to be proportional to the square of the 

electric field where   𝐸𝐸 , consequently: 

     (
   
 

)                                                                                                                               

As the upper equation (2.74) is compared to Beer's law (2.23), we reveal that: 

 
  

 
 𝛼  

   

 
                                                                                                                     

Then, relation between   and   

  
 𝛼

  
                                                                                                                                       

 

2.3.6 Drude-Lorentz Model: 

When the electric field of the electromagnetic waves interacts with the dielectric 

materials, it causes dipole oscillations. The electrons bounded to the positively 

charged nucleuses vibrate around an equilibrium position with a specific resonant 

frequency according to Drude-Lorentz model.   
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The equation of motion (Schrödinger equation) that describes the electron motion is 

defined by the following: 

  

   

   
      

  

  
      

       𝐸                                                                             

 

Where    is the mass of the electron,   is the electron displacement,   is the damping 

coefficient,    is the resonant frequency,   is the charge of the electron, and 𝐸 is the 

electric field. 

 

The final solution becomes: 

     
   𝐸 

                   
   

                                                                                

From the solutions of      the real and imaginary dielectric constants    and    is 

obtained as: 

          
    

    
(

     

   
            

)                                                             

      
    

    
(

  

   
            

)                                                                             

 

2.4 The RLC circuit  

The RLC circuit is an electrical circuit that consists of resistance ( ), capacitance ( ), 

and inductance ( ) which is connected in series or parallel. A voltage source is used to 

provide AC signals in this type of circuit. The circuit creates a harmonic oscillator for 

current and resonates in the same way that an LC circuit works. The resistor increases 

the decay of these oscillations, which is also known as damping. In addition, the 

resistor reduces the peak resonant frequency. The three circuit elements, R, C, and L, 

can be combined in a number of different topologies. All three elements in the series 



26 
 

or in the parallel contact are the simplest in concept and the most straightforward to 

analyze. 

 

2.4.1 The series RLC circuit 

The RLC series circuit has a single loop with the same instantaneous current flowing 

through the loop for each circuit element. The amplitude of the source voltage (  ) is 

composed of the three individual element voltages        𝑛    . Fig. 2.11 presented 

a diagram of the RLC series circuit. 

 
Fig. 2.11 The RLC series circuit. 

 

The component voltages        𝑛     are given by the following equations: 

                                                                                                                                            

                                                                                                                                           

   
 

  
                                                                                                                                     

Where   is the resistance,   is the current,   is the source angular frequency,   is the 

capacitance and   is the inductance. The expression ωL is known as the inductive 

reactance, and it is denoted by a symbol   . Also, the expression 
 

  
  is known as the 

capacitive reactance and it is denoted by a symbol   . By using Kirchhoff's voltage 
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law (KVL), which states that around any closed loop, the sum of voltage drops around 

the loop equals the sum of the electromotive forces (EMF's), then the sum of the three 

voltages gives us the amplitude of the source voltage Vs, as: 

                                                                                                                          

          
 

  
                                                                                                               

Since the capacitive and inductive reactance's    and     are functions of the supply 

frequency, the sinusoidal response of a RLC series circuit will vary with frequency  . 

The individual voltage drops through each circuit element of      𝑛    element will 

then be "out of phase" with each other, as described by: 

                                                                                                                                     

The instantaneous voltage through a pure resistance (  ) is "in phase" with current. 

Where the instantaneous voltage across a pure inductance (  ) is "leads" the current 

by 90
o
. While the instantaneous voltage across a pure capacitance (  ) is "lags" the 

current by 90
o
. Therefore,    and    are 180

o
 "out-of-phase" and opposing each other. 

This can be seen in Fig. 2.12 for the RLC series circuit. 

 

 
Fig. 2.12 The series RLC analysis. 
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As seen in the Fig. 2.13, the voltage triangle of the RLC series circuit gives that: 

  
    

         
                                                                                                              

   √  
            √                                                                   

Where,   √            is the impedance of the circuit which is determined 

by the resistance    , capacitive (  ) and inductive (  ) reactances. Fig. 2.13 

presented the voltage phasor diagram. 

 
Figure 2.13. Phasor diagram of the RLC series circuit. 

 

The amplitude of the source voltage is proportional to the amplitude of the current, 

with the proportionality constant known as the circuit impedance. The total 

impedance of the circuit is determined by the relation (2.88), which can be illustrated 

by an impedance triangle as seen in Fig. 2.14 below.  

 

 
Figure 2.14. The impedance triangle of the RLC series circuit. 
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The phase angle   between the source voltage Vs and the current I is the same as the 

angle ( ) between the impedance   and the resistance   in the impedance triangle. 

This phase angle can be positive or negative in value depending on whether the source 

voltage leads or lags the circuit current and can be determined mathematically from 

the ohmic values of the impedance triangle as:  

     
 

 
         𝑛  

     

 
        𝑛  

     

 
                                                    

 

2.4.2 The reflection coefficient and return loss: 

The impedance spectra were used to determine the magnitude of propagating signal 

reflectivity | |     The calculated reflection coefficient can be used to determine the 

performance of the pn devices as wave traps. The reflection coefficient   is measured 

from the relation: 

  |
     

     
|                                                                                                                            

where L is the load, and S is the source, thus,    being the impedance of the sample 

and    is the impedance of the source [48]. The standard evaluation procedure for this 

parameter shows that the value of -1 appears when the device exhibits shorts, still 

negative when the load impedance is less than that of source, and becomes positive 

when the load impedance is greater than that of source. If there is no match between 

source and load (device), the   value is one which indicates an open load. The value 

+1 means all incident waves are rejected, and the value of zero means all waves are 

transmitted, which indicates a perfect match. 

The trapped wave quality of the signal is detected from the return loss spectra. The 

return loss    is measured by the relation: 

       𝑙                                                                                                                           



31 
 

The higher the return loss value         , the more qualitative the wave trap. In 

communication engineering, return loss refers to the loss of power in the signal 

rejected by a discontinuity in devices under test.  

Filters are circuits that can be designed to modify, reshape, or reject unwanted 

frequencies of an electrical signal or accept and pass those signals wanted by the 

circuit designer. Thus, filters are needed in variable frequency supply circuits. The 

specific type of filter can be determined from the reflection coefficient and return loss 

values. 

 

2.4.3 Alternating current and conduction mechanisms in solids: 

The alternating current (AC) conductivity spectra can be governed by quantum 

mechanical tunneling (QMT) or correlated barrier hopping conduction (CBH) or may 

both of them [49]. Conductivity can be obtained from the conductance (G) using the 

following relation: 

      
 

𝑙
                                                                                                                                   

Where   is the measured conductance,   is the conductivity,   is the cross sectional 

area and 𝑙 is the length of the conductor. 

Early published theories [49] assume that the frequency dependence of the AC 

conductivity is expressed by the equation: 

                                                                                                                                     

Where   is a constant depends on temperature,       is the angular frequency of 

the applied AC field, and   is the frequency exponent parameter that is generally less 

than or equal to unity        . This form of the conductivity equation (2.93) 

appears if the mechanism of loss has a wide range of relaxation times    . The 

exponent value     is found if the distribution of relaxation times  𝑛     is 
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inversely proportional to  . Under this condition, the relaxation time ( ) is given by 

the equation: 

       
                                                                                                                                     

where   is a random variable,    is characteristic relaxation time often taken to be the 

inverse of the phonon frequency    .  

In the case where QMT dominates    𝛼  with   refering to the intersite separation 

and 𝛼 is spatial decay parameter for the wave functions which is employed to 

represent the localized state at each site. 𝛼 is approximately, 𝛼 constant for all sites 

and equal        [50]. For an electron undergoing quantum mechanical tunnelling, the 

AC conductivity can be described by the equation [49]: 

         
          𝛼  (  𝐸  )

 
     

 

  
                                                                      

 

In this equation,   𝐸   is the density of localized states near the Fermi level 

(assumed constant with varying frequency) and    is the hopping distance at a 

particular frequency    .    is given by: 

    
 

  𝛼
   (

 

    
)                                                                                                               

 

The frequency dependence of      in the equation (2.93) can be used to execute the 

derivative  . Taking the logarithm for both sides of the equation (2.93) becomes: 

                                                                                                                        

 

Executing the derivatives for each side: 
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From equation (2.98) we conclude that the exponent   can be found from the relation: 

  
       

      
                                                                                                                         

For the QMT model, s is given by: 

    
 

  (
 

    
)
                                                                                                                   

 

As a result, for the QMT model, the frequency exponent   is frequency dependent and 

decreases with increasing frequency at constant temperature. On the other hand, the 

CBH theory assumes that   
  

   
 with    being the hopping barrier height, for this 

case, as long as the frequency of the signal that propagates is less than the charge of 

the carrier jump frequency, the AC conductivity will increase with that frequency 

[49]. The AC conductivity of CBH can be calculated using the following equation: 

               
[           ]

        
                                                                           

Where, the subscript symbols   and   represent conductivity values at high and low 

frequencies, respectively.  

As previously mentioned, it is possible that the AC conductivity corresponds to the 

domination of the two conduction mechanisms, QMT and CBH, as presented by the 

relation: 

 

      
  

 

    
 

 

    
                                                                                                          

Where,        is the total conductivity,      is the conductivity resulted from 

quantum mechanical tunnelling and      is the conductivity resulted from correlated 

burrier hopping conduction. 
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2.4.4 Alternating current and Capacitance mechanisms in solids: 

Here we consider the Ershov model [49] for the negative capacitance effect (NC). It 

shows the effect of negative capacitance in terms of time range transient currents in 

response to small voltage signals. Ershov assumed that introducing a phase or pulsed 

voltage would lead to an instantaneous change in charges on the contacts. According 

to this approach, the total capacitance        consists of geometric part      and 

relaxation part      [49].    was found to be caused by the impact ionization, 

trapping, electron transport and other physical process [49]. Ershov's theorems arrived 

at the conclusion of Jonscher, which states that the source of NC is related to the 

positive or nonmonotonic behaviour of the derivative of the transient current        in 

response to a small voltage phase. Using this approach, which is dependent on the 

charge of nonmonotonic or monotonic variations, Qasrawi et al [49] consider the 

existence of two different frequency domains        and        where    and 

   are the limits of frequency domains in the p and n regions, respectively. As a 

result of Ershov's equation, which has the following form: 

   
  

  
                                                                                                                                    

   
 

  
 ∫              

 

 

                                                                                               

   
 

   
 ∫ ( 

      

  
)         

 

 

                                                                               

 

 It can be rewritten as: 

   
 

  
 ∫         (      )    

 

 

                                                                              

   
 

   
 ∫ ( 

      

  
)    (      )    
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Where    is the charge.    is the voltage,   and    as previously defined and       

is the time domain behaviour of the transient current. If       is positive and 

monotonically decreases to Zero as   goes to  , then      and          at any 

frequency. The Ershov approach also assumes [49]: 

        [    
  
      

  
 ]                                                                                             

Where    and    are fitting parameters for the dielectric (capacitance) response in 

   . It represents the rate of change of dynamic capacitance with time: 

      

  
   [

   

  
  

  
   

  

  
  

  
  ]                                                                                     

Where    and    represent the relaxation time of electrons and holes, respectively. 

Substituting equation (2.108) in the equation (2.109): 

   
 

   
 ∫  (  [

   

  
  

  
   

  

  
  

  
  ])    (      )    

 

 

                              

   
 

 
 ∫ (

  

  
  

  
                

  

  
  

  
      (    )    )

 

 

                      

   
  

   
∫  

  
               

 

 

 
  

   
∫   

  
      (    )    

 

 

                    

 

By using Fourier integral form: 

√
 

 
∫             

 

 

                                                                                                   

 

Then: 

     √
 

 
∫              
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In our case,        ,   
 

  
 and       

  

   , the integrated equation (2.113) 

becomes: 

        √
 

 
∫  

  
               

 

 

                                                                    

 

From Fourier integral tables, for           and by substituting in equation (2.113) 

      √
 

 
 

 

       
, then equation (2.113) becomes: 

√
 

 
∫             

 

 

 √
 

 
 

 

       
                                                                           

 

Divided both sides by √
 

 
 : 

∫             
 

 

  
 

       
                                                                                         

∫  
  
               

 

 

  
    

((
 
  

)
 

        )

                                                     

 

Substituting equation (2.118) in the equation (2.112): 
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But       , so the equation (2.120) becomes: 
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Then the equation of the total capacitance [49], becomes: 
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Chapter Three 

Experimental details 

Thin film preparation plays a vital role in producing heterojunction devices. Many 

procedures could be used to prepare a heterojunction thin film device. The thermal 

vapor deposition technique was used in this work. The details of producing the 

devices are shown in this chapter. 

3.1 Substrate cleaning  

Glass slides (7.5 cm length and 0.2 cm thickness) were cleaned before use in the 

preparation process of the films. Firstly, some of the glasses are divided equally into 

small pieces of 2.5 cm by a glass cuter. The glasses were then manually cleaned with 

a softening sponge, dish-washing liquid, distilled water and alcohol. Then, the cleaned 

glasses were inserted in a beaker filled with Ethyl-alcohol (70%) and covered with 

aluminium foil. To crack proteins that are expected to be stuck onto the glass, the 

beaker was heated for 15 minutes. After that, they were ultrasonically cleaned at 70
o
 

for 20 minutes. Then, they were washed with alcohol and dried. Finally, we get sure 

that the glasses do not have any scratches and/or cracks on their surface and then we 

use them as clean substrates for our work. 

3.2 Heater preparation. 

Quartz tubes inserted into heating crucible were used due to its ability to hold out the 

powders. The powders can melt inside it to form bulk alloy material and it can be 

deposited at the same time. Installing and using this type of evaporation sources needs 

a special holder, which was smelted and shaped to match with our evaporator system. 

Fig. 3.1 shows the glass tube and its holder.    
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Figure 3.1. The glass tube preparation. 

3.3 Deposition process and thin film preparation. 

In this part, the thermal vapor deposition technique was applied four times to form our 

heterojunction films under a vacuum pressure of ~1 10
-4

 mbar. Fig. 3.2 shows the 

VCM 600 thermal vacuum evaporator system. In the first run, the cleaned glass 

substrates in addition to Al and Ag substrates were fixed close to each other on a 

metal plate (substrate holder). Teflon tape is used to cover a small area (about 2 mm) 

on the edges of metals (Al and Ag) substrates before evaporating Aluminium-

antimony (Al-Sb). Then, 0.2 gm of high purity Aluminum tiny pieces (99.999% Alfa 

Aesar) and 0.2 gm of high purity Antimony powder (99.999% Alfa Aesar) were 

weighed, mixed and put in a glass tube (Item 2, Fig. 3.2). Then we closed the bell jar 

and turned on the evaporation system. When the vacuum pressure reached 1.1 10
-4

 

mbar, we started the evaporation mechanism and opened the shutter after 5 minutes at 

a current value of 50 A, a deposition rate of 43 A/s and at a temperature of 626
o 

C 

were monitored. A layer of thickness 503 nm Al-Sb alloy films were deposited onto 

the glass, Al and Ag substrates. The thickness was monitored via an INFICON STM-

2 thickness monitor. The produced films and the remaining solid bulk which was melt 

in the tube were maintained inside the jar until the champer cooled down.  
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Figure 3.2 The VCM 600 evaporation set up. 

In the second run, the same procedure was repeated but we reduced the amount of 

aluminium compared to the antimony amount, in order to obtain optical properties. In 

this run, 0.054 gm of Al and 0.216 gm of Sb were mixed and evaporated under the 

same vacuum conditions. A layer of 130 nm Al-Sb films were deposited on the glass 

and ITO substrates. Aluminium foil was used to cover one third of the surface of 

some produced samples to execute the third run in the evaporation system. The solid 

orange CdS stone was crushed into lumps with the help of crystals mortar and pestle 

agate (Inset of Fig. 3.3). The powders were then placed in a tungsten heater of boat 

shape. 

 

Figure 3.3. The setup of the evaporation process for the third and fourth runs. 
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A 0.35 gm of Cadmium Sulfide (99.999%) was used to evaporate CdS onto glass, 

ITO, glass/AlSb and ITO/AlSb substrates. The recorded thickness was on the order of 

270 nm. In this cycle, the CdS pellets jumped and escaped from the CdS boat. So, the 

third run was repeated to obtain the desired thickness. Again, a 0.4035 gm large piece 

with CdS lumps were placed on the CdS boat, before the fourth run (Inset of Fig. 3.3). 

When the pressure reaches 4.9x10
-4

 mbar, the vaporization process begins, and the 

current is gradually increased to avoid jumping pellets. A 540 nm-thick CdS was 

deposited (in the last two runs). Finally, the desirable films were produced by 

evaporating CdS on Al-Sb layer using the (PVD) technique to prepare a hetrojunction 

device. To produce an electronic device, the ITO metal edges were needed, the ITO-

substrates with the help of Carbon (C) and Silver (Ag) circular points above the CdS 

film. The geometrical design and the final AlSb/CdS heterojunction films of the 

samples are shown in Fig. 3.4. The optical images of the real samples are shown in 

Fig. 3.5.  

 

 

Figure 3.4. The geometrical design of glass/AlSb, glass/CdS, glass/AlSb/CdS, ITO/AlSb, 

ITO/CdS and ITO/AlSb/CdS heterojunction samples. 
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Figure 3.5. The optical images of the real samples of glass/AlSb, glass/CdS, glass/AlSb/CdS, 

ITO/AlSb, ITO/CdS and ITO/AlSb/CdS. 

 

3.4 Bulk analysis 

 

Figure 3.6: The piston and the press machine of bulk. 

The Alx-Sby solid bulk which remained after the powders were molten, which was 

produced in the first run with an irregular shape, was subjected to a pressure of 

approximately 100 bar with the help of the piston as shown in Fig. 3.6, to obtain a 
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disk shape with two semi-flat faces (brown and white faces) as shown in Fig. 3.7. The 

structural and electrical properties of the obtained AlSb bulk are studied with various 

measuring techniques such as X-ray diffraction (XRD) and impedance spectroscopy 

technique. 

 

Figure 3.7: The two faces of the pressed AlSb bulk. 

 

3.5 Thin films analysis 

In order to study the structural, optical and electrical properties, the fabricated 

AlSb/CdS and ITO/AlSb/CdS heterojunction films were carried out with various 

measuring techniques such as, X-ray diffraction (XRD), optical spectrophotometry 

and impedance spectroscopy technique. 

 

3.5.1 The X-ray diffraction measurements for bulk and thin film samples. 

The crystalline structure of both faces of the AlSb bulk and the X-ray diffraction 

patterns of the produced thin films were characterized by means of Rigaku MiniFlex 

600 X-ray diffractometer. Fig. 3.8 displayed the X-ray diffractometer with K 

radiation of a Copper anode emitting XRD of an average wavelength of 1.5418 Å at 
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40 KV and 15 mA. The X-ray diffractometer registered the intensity as a function of 

angle (2θ). The diffraction angle 2θ was set between 10
o
-80

o
, with a scan speed of 1 

deg/min. The data was collected by using the MiniFlex support program that is 

connected with the X-ray diffractometer. 

 

 

Figure 3.8: Rigaku MiniFlex 600 X-ray diffractometer. 

 

3.5.2 The optical measurements for thin film samples. 

The optical measurements of AlSb (130 nm), CdS (540 nm), AlSb/CdS samples were 

recorded with the help of Thermo Scientific Evolution 300 Ultra Violet visible light 

spectrophotometer. The optical data of transmittance (T %) and reflectance (R %) 

spectra were measured in the range of wavelength (300-1100 nm). The measurements 

were obtained at a normal incidence angle of 15
o
 and the scanning speed of 1200 

nm/min. The data was collected and analyzed by using the Vision Pro software 

program, which was attached to the system as shown in Fig. 3.9. The data was applied 

and processed to investigate some optical parameters like absorption coefficient (), 

interband transition energies (Ee), band tail energies, energy band gaps (Eg), and the 

dielectric constant (). 
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Figure 3.9: The UV-VIS spectrophotometer. 

 

3.5.3 The impedance measurements for bulk and thin film samples. 

 

Figure 3.10: Agilent 421BRF signal generator impedance analyzer spectrometer setup. 

 

Agilent 421BRF signal generator impedance analyzer (10-1800 MHz) spectrometer is 

used to measure the impedance of the bulk and heterojunction thin films. The data 

was measured in the frequency range of 10-1800 MHz. The data was taken by the 

MATLAB software connected with the impedance spectrometer unit, which is shown 

in Fig. 3.10. The films were conducted with the help of a dielectric fixture. The 

impedance (Z), resistance (R), inductance (L), reactance (X), conductance (G), 

capacitance (C) and reflection coefficient () were computed and listed in the same 
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system. To measure the mentioned parameters, the film (ITO/AlSb/CdS) was 

contacted manually with Carbon (C) circular points as we mentioned before. The test 

of AlSb bulk was performed with the help of a dielectric fixture. 

 

3.5.4 The Hot-Probe technique for thin film samples. 

The hot-probe technique is used to test the conductivity type of the semiconductors, 

which is needed in many procedures. The setup of this technique required contacting 

the produced sample with a heat soldering iron (hot probe) and a cold probe, as 

displayed in Fig. 3.11. Both probes are connected by the digital multi-meter (DMM). 

While the hot iron was wired to the positive terminal of the DMM, the cold iron was 

wired to the negative terminal. When the voltage reading of (DMM) is positive, then 

the semiconductor is n-type. While the p-type semiconductor displays a negative 

voltage reading. While the hot-probe technique raveled p-type of conduction for the 

AlSb layer, the CdS layer exhibited n-type of conduction. 

 

 

Figure 3.11: The hot-probe technique.  



46 
 

Chapter four 

Results and discussions  

4.1 Structural analysis 

4.1.1 Structural analysis of AlSb films 

 

Figure 4.1. The X-ray diffraction patterns for the AlxSby and AlxSb4x alloy films. The inset 

shows the maximum peak of the samples.   

 

The XRD patterns for the AlxSby and AlxSb4x alloy films which are grown onto glass 

substrates are shown in Fig. 4.1. As seen from the figure, the two films exhibit the 

same intensive peaks with a shift in the position of the diffraction angles (2). It is 

also observed that, XRD patterns resulting from AlxSb4x film are more intensive than 

the AlxSby film. As the inset of Fig. 4.1 shows, the intensity of the major peak 

increased from 2300 to 5836 (a.u). The sharp XRD patterns of the studied samples 

which are analyzed with the help of "TREOR 92" and "Crystdiff" software packages 
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reveal peaks that are related to zinc blende cubic aluminum antimonide (AlSb) being 

best oriented along the (111) direction with lattice constants of 6.126 Å.  

In order to understand the difference in the structural characteristics of the AlxSby and 

AlxSb4x samples. The crystallite size (D), micro-strain (), defect density () and 

stacking faults percentage (SF %) are calculated with the help of equations (2.15-

2.18). The values of the structural parameters are illustrated in Table 4.1. It is clear 

from the table that the increasing amount of antimony compared to aluminum highly 

increased the intensity, indicating a better crystallization process in the alloy film as 

we mentioned before. For the AlxSby and AlxSb4x structures, the lattice parameter of 

AlxSb4x is larger than that previously reported for AlxSby.  

Table 4.1. The structural parameters of AlxSby and AlxSb4x alloy films of the main peak.  

Sample AlxSby AlxSb4x 

2 (
o
) 24.1 24.0 

I (a.u.) 2300 5836 

d (A
o
) 3.69 3.71 

(hkl) ( 1 1 1) ( 1 1 1 ) 

a (A
o
) 6.39 6.42 

D (nm) 24 21 

SF (%) 0.33 0.38 

(x10
-3

) 7.15 8.21 

(x10
12

 lines/cm
2
) 6.9 9.0 

 

As illustrated in Table 4.1, while the grain size (D) of AlxSb4x revealed a smaller 

value, the stacking faults (SF %), microstrain (ε) and dislocation density (δ) revealed a 

higher values than that listed for AlxSby. The most pronounced effect of the non-

stoichiometric composition of AlSb is readable from the defect density. The defect 

density of AlxSby is increased by 30.4% when Sb content is increased 4 times (y = 

4x). Additional tests like energy dispersion x-ray spectroscopy is needed to determine 



48 
 

to what degree Al is deficient in the films. Defects are usually formed by melt pool 

discontinuities and lack of melt pool overlap [51]. Surface defects are also formed 

during the high temperature preparation of the samples owing to the formation of 

schottky defects in the bulk which give rise to a none stoichiometric surface regions. 

 

4.1.2 Structural analysis of AlSb melts   

The XRD analyses of the diffraction patterns for the brown and white faces of the 

remaining melt (bulky sample) of AlxSby are shown in Fig. 4.2 and Fig. 4.3, 

respectively. It is noticeable that both faces revealed a polycrystalline nature of 

growth. The analysis of the sharp patterns of XRD data in accordance with “crystdiff” 

software packages has shown that the two faces of the bulk form reveal peaks that are 

assigned to zinc-blende cubic aluminum antimonide and probably minor phases of the 

(rhombohedral) trigonal (a=4.308, b=4.308, and c=11.274 Å) antimony, face centered 

cubic (a = 4.034 Å) aluminum, trigonal (a=45744, b=45744, and c=  195221 Å) 

aluminum oxide and cubic (a = 11.151 Å) antimony trioxide.  

The diffraction peaks of the bulk exhibit lattice parameters with remarkable 

differences between brown and white faces. For AlSb bulk (brown and white faces), 

the best oriented peak is in the (111) direction, with the diffraction angles of 

2

 and 2


, respectively. The miller indices of the observed peaks and 

the calculated lattice parameters, are slightly consistent with the thin films and also 

consistent with literature data [52]. While the maximum peak intensity of a brown 

face is 3204 (a.u.), the maximum peak intensity of the white one is 1213 (a.u.). 

https://en.wikipedia.org/wiki/Trigonal_crystal_system
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Figure 4.2. The X-ray diffraction patterns for AlSb brown face bulk. 

 

 

 

Figure 4.3. The X-ray diffraction patterns for AlSb white face bulk. 
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The calculated grain size (D), micro-strain (), defect density and stacking faults using 

the equation (2.15-2.18) reveled values shown in Table 4.2. As shown in Table 4.2, 

although the white face of the bulk form has a larger crystallite size value, the lattice 

constant, stacking faults (SF), strain (ε) and defect density (δ) achieved higher values 

than that tabled for the brown face. The difference between the two faces could be 

assigned to the mixing between the metals and alloy inside the melt. From the 

calculation of the phase weight of AlSb alloy in each face, we reveal the phase weight 

value of 42.93% for brown face, and the value of 32.02% for white face. It means that 

the metals has not lost in the melt and probably a small percentage of the new material 

(alloy) is formed.   

Table 4.2. The structural parameters of AlSb brown and white face bulk are obtained from the 

maximum peak FWHM.  

Sample AlSb bulk (BF) AlSb bulk (WF) 

2 (
o
) 25.55 25.7 

I (a.u.) 3204 1213 

d (A
o
) 3.49 3.47 

(hkl) ( 1 1 1 ) ( 1 1 1 ) 

a (A
o
) 6.04 6.00 

D (nm) 28 34 

SF (%) 0.28 0.23 

(x10
-3

) 5.77 4.78 

(x10
12

 lines/cm
2
) 5.1 3.5 

* BF: brown face and WF: white face 

 

4.1.3 Structural analysis of AlSb/CdS heterojunctions   

The x-ray diffraction (XRD) patterns for AlSb, CdS and AlSb/CdS thin films are 

presented in Fig. 4.4. The figure displays a polycrystalline nature for all films. As it is 

shown in Fig. 4.4, for AlSb substrate we observed five peaks located at 21.65
o
, 

24.00
o
, 43.85

o
, 48.75

o
 and 76.15

o
. For CdS film, five peaks existing at 24.20

o
, 25.10

o
, 
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26.75
o
, 28.25

o
 and 43.75

o
 are detected. For a AlSb/CdS heterojunction, we also 

observed five peaks situated at 21.55
o
, 23.85

o
, 26.65

o
, 43.90

o
 and 48.55

o
. As can be 

seen from the figure, some of the AlSb/CdS peaks were observed for AlSb substrate 

appeared again and the others were concerned for CdS film. The analysis of the X-ray 

diffraction patterns which are subjected to "TREOR 92" and "crystaldiff" software 

package analysis of main intensive peaks reveals cubic structure for AlSb, and a 

hexagonal type of structure for CdS. A peak of maximum height of AlSb film is 

oriented in the (111) direction at 24.00
o
. The main peak of the CdS film is oriented in 

the (002) direction at 26.75
o
, a peak of minor height is oriented in the (100) direction 

at 25.1
o
. The most intensive peak of AlSb/CdS heterojunction is located at 23.85

o
.  

 

 

Figure 4.4. The X-ray diffraction patterns for AlSb, CdS and AlSb/CdS films. Inset-1 shows 

the geometrical design of the final measured sample. Inset-2 shows the optical image of the 

final sample. Inset-3 shows the CdS slab effect on the main reflection peak. 
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It is clear from the inset of Fig. 4.4, that the coating of CdS to AlSb film shifts the 

maximum peak position from 24.00
o
 to 23.85

o
. The same behavior is observed for 

other minor peaks of the AlSb. The shift in the maximum peak position toward 

smaller angles is assigned to the ionic radius of cations [53]. Moreover, we observed 

the appearance of a peak in AlSb/CdS layer which is assigned to CdS and it is 

position is shifted to 26.65
o
 position. In addition, the coating of CdS resulted in a 

sharp decrease of the XRD intensity and causes broadening and shift in the peaks 

positions. The significant decrease in the intensity of X-ray patterns is accompanied 

with the formation of nonuniform strains and/or plastic deformations [54]. The lattice 

parameters (a and c) for the studied films are determined with help of the equation, 

       for AlSb, AlSb/CdS and equation,        for CdS maximum peak. The 

structural parameters values are presented in Table 4.3. The lattice parameter of AlSb 

is a = b = c = 6.42 A
o
. This value is close to that we previously observed in literature 

data for the AlSb alloy [55]. The coating of 540 nm thick CdS film changes the lattice 

parameters of the AlSb/CdS heterojunctions to a = b = c = 6.46 A
o
. The increase in 

the lattice parameter is assigned to the large lattice mismatch between AlSb and CdS. 

In accordance with equation (2.1), the lattice mismatch     
|          |

    
 is 56.8% 

along a-axis. The values are extremely high and make the AlSb/CdS heterojunctions 

suitable for strained electronic device fabrication [56]. 

Table 4.3 have the grain size (D), microstrain (), dislocation density () and stacking 

faults (SF %) for the substrate and heterojunction are calculated using the previously 

described Scherrer equation (2.15-2.18). It's clear from these numerical data that the 

coating of CdS onto AlSb layer caused the strained nature of growth. As the table 

shows, the insertion of CdS film increased the strain, defect density, stacking faults 
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and decreased the grain size (D) and in the AlSb/CdS bilayer. This behavior induces 

high visible light emission intensity [57]. The inclusion of CdS atoms into the 

structure of AlSb shifted the diffraction angles toward smaller angles, which could be 

owed to the non-stoichiometric composition. The positions of the vacant of S atoms 

can be occupied by Cd in portions depending on the film composition [58]. The non-

stoichiometric composition causes more defects and vacancies, which lead to the 

observed poor crystallization process [59]. 

Table 4.3. The structural parameters of AlSb, CdS and AlSb/CdS films are obtained from the 

maximum peak FWHM.  

Sample AlSb CdS AlSb/CdS 

2 (
o
) 24 26.75 23.85 

I (a. u.) 5836 1536 1953 

d (A
o
) 3.71 3.33 3.73 

(hkl) ( 1 1 1 ) ( 0 0 2 ) ( 1 1 1 ) 

a (A
o
) 6.42 4.10 6.46 

b (A
o
) 6.42 4.10 6.46 

c (A
o
) 6.42 6.66 6.46 

D (nm) 21 28 15 

SF (%) 0.38 0.27 0.53 

(x10
-3

) 8.21 5.51 11.36 

(x10
12 

lines/cm
2
) 9.0 7.1 17.1 

 

From a chemical point of view. We consider the interaction between the two layers, 

assuming the existence of vacancy and/or existence of dangling bonds or weakly 

reactive bonds. Numerically, the cadmium bond is extremely weak (6.540 A
o
) [60], 

and Cd
+2

 has a tendency to react with any other material. The formation energy of 

Cd–Cd is small (127.1 kJ/mol) [61], but the bond formation between Cd
+2

 and Al
+3

 or 

Sb
+3

 is impossible that is due the octet rule obeyed [62,63]. Sulfur has a tendency to 

react with aluminum. However, the formation energy between S
-2

 and Al
+3

 is high 
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(381.2 kJ/mol) [64] compared to others. Another possibility is a reaction between 

sulfur and antimony. The bond length of S-Sb is (2.400 A
o
) [65], and the formation of 

energy is much lower (199.3 kJ/mol) [66] comparable with Cd–S (196.0 kJ/mol) [67]. 

Also, the Al–Sb bond is weak (2.618 A
o
) [68], and the bond energy (216.3 kJ/mol) 

[69] is larger than that of S–Sb. Such property makes the interaction not preferable, 

which in turn increased the defect concentrations as observed in this study. The bond 

lengths and the bonding energies are listed in Table 4.4. 

 Table 4.4. The bond length and the bond energy of the bonding atoms. 

Bond  Bond length (Å) Bond energy (KJ/mol) 

Cd-Cd 6.540 127.1 

Cd-S 2.520 196.0 

Cd-Sb 2.910 155.4 

Cd-Al 3.300 - 

S-S 2.046 226.0 

S-AL 2.187 381.2 

S-Sb 2.400 191.3 

Al-Al 2.450 22.8 

Al-Sb 2.618 216.3 

Sb-Sb 2.902 176.4 

 

The smaller ionic radius of the heterojunction composers, Sb (76 pm) [70], Al (53 

pm) [71] compared to that of Cd (97 pm) [72], S (184 pm) [73] is associated with the 

lattice deformation and non-chemical interaction, is associated with increased defect 

density. In addition, the lattice constant increases due to the disordering and lattice 

distortion which generates internal stresses [74, 75]. One of the reasons, for the 

increased strain of AlSb/CdS interfaces by 70% is attributed to large lattice 

mismatches. The large lattice mismatch of heterojunction causes high efficiencies in 

solar energy conversions. It also may lead to relaxation via the generation of 
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dislocations [76]. Table 4.5 represents the ionic radius and electronic configuration of 

the In, Sn, O, Al, Sb, Cd and S atoms.  

Table 4.5. The ionic radius and electronic configuration of In, Sn, O, Al, Sb, Cd and S atoms. 

Atom Ionic Radius(pm) electronic configuration  

Cd 97 [Kr] 4d
10

5s
2
 

S 184 [Ne] 3s
2
 3p

4
 

Sb 76 [Kr] 4d
10

5s
2
5p

3
 

Al 53 [Ne] 3s
2
 3p1 

In 80 [Kr] 4d
10

 5s
2
 5p

1
 

Sn 69 [Kr] 4d
10

 5s
2
 5p

2
 

O 124 [He] 2s
2
 2p

4
 

 

4.1.4 Structural analysis of ITO/AlSb/CdS   

The X-ray diffraction (XRD) patterns of the ITO, ITO/AlSb, ITO/CdS and 

ITO/AlSb/CdS samples are displayed in Fig. 4.5. As the figure shows, the samples 

grown onto Indium Tin Oxide (ITO) substrate are found to be of polycrystalline 

nature. The observed sharp peaks were analyzed with help of "TREOR 92" and 

"Crystdiff" software packages. The figure has presented that all peaks of the ITO 

substrates are assigned to cubic structure. The lattice parameters of the cubic phase 

are a = b = c = 10.12 A°. The other peaks are assigned to the cubic phase of AlSb and 

hexagonal phase of CdS samples. 

 Table 4.6 have the grain size (D), microstrain (), dislocation density (),stacking 

faults and lattice parameters (SF %) which calculated for the ITO, ITO/AlSb, 

ITO/CdS and ITO/AlSb/CdS films. The lattice parameters of the observed peaks for 

the cubic phase of AlSb coated onto the ITO substrate are centered at diffraction 

angles (2) of 24.05
o
, 43.90

o
 and 48.55

o
, are calculated by using the equations (2.19) 
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and found to be a = b = c = 6.41 A°. In addition, the lattice parameters of the observed 

peaks for the hexagonal phase of CdS coated onto the ITO substrate are centered at 

diffraction angles (2) of 25.90
o
, 26.80

o
 and 27.55

o
 are calculated by using the 

equations (2.20), exhibited values of a = b = 4.09, c = 6.65 A°.  

 

Figure 4.5. The X-ray diffraction patterns for ITO, ITO/AlSb, ITO/CdS and ITO/AlSb/CdS 

samples. Inset-1 shows the geometrical design of the ITO/AlSb/CdS sample. Inset-2 shows 

the optical image of the ITO/AlSb/CdS sample. Inset-3 shows the CdS slab effect on the main 

reflection peak. 

 

The lattice mismatches between the ITO substrates and AlSb layer along a-axis are 

57.9%. Particularly, as the bond length of In-O, Sn-O, Al-Sb, In-Sb, Al-O, Sn-Sb are 

2.08 A° [77], 2.27 A° [78], 2.618A° [68], 2.93A° [79], 1.74-1.79 A° [80] and 2.8A° 

[81], respectively, the bonding between the Al and O atoms is much stronger than that 

of Al and Sb. This property makes the Al atoms have the tendency to move toward 

oxygen atoms, forcing them to form Al2O3 bonds at the interface region between the 

two materials and induced crystallization take place.  
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Table 4.6. The structural parameter of ITO/AlSb, ITO/CdS and ITO/AlSb/CdS samples. 

Sample ITO/AlSb ITO/CdS ITO/AlSb/CdS 

2 (
o
) 24.05 26.8 24.2 

I (a. u.) 1796 1084 1175 

d (A
o
) 3.70 3.33 3.68 

(hkl) ( 1 1 1 ) ( 0 0 2 ) ( 1 1 1 ) 

a (A
o
) 6.41 4.09 6.37 

b (A
o
) 6.41 6.65 6.37 

c (A
o
) 6.41 6.65 6.37 

D (nm) 34 34 25 

SF (%) 0.24 0.23 0.33 

(x10
-3

) 5.12 4.58 7.12 

(x10
12 

lines/cm
2
) 3.5 4.9 6.9 

 

4.2 Optical analysis. 

4.2.1 The properties of the measured transmittance, reflectance, absorption 

coefficient. 

The effects of coating of CdS thin films on the optical performance of AlSb film are 

illustrated in Fig. 4.6. The measured transmittance (T) and reflectance (R) spectra of 

the AlSb, CdS and AlSb/CdS being recorded in the incident photon wavelength 

    range of 300–1100 nm are shown in Fig. 4.6 (a) and (b), respectively. It is clear 

from Fig. 4.6 (a) that in the wavelength region of 300–1100 nm, the transmittance of 

AlSb film decreased with increasing wavelength. While, for CdS film in the 

wavelength region of 300–560 nm, the transmittance sharply increases with 

increasing wavelength and then decreases in the range of 560–1100 nm. Such 

behavior is also observed for AlSb/CdS hetrojunction in the wavelength region of 

300–670 nm. The transmittance increases with increasing wavelength till the value of 

600 nm is reached. Then it becomes almost invariant. 
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Figure 4.6. (a) The transmittance, (b) the reflectance and (c) the absorption coefficient spectra 

for the AlSb, CdS and AlSb/CdS films.    

 

On the other hand, the reflectance spectra which are presented in Fig. 4.6 (b) for all 

samples become effective for incident light wavelengths larger than 370 nm. For all λ 

< 370 nm, the trend of variation of the AlSb/CdS sample is the same as that of the 

AlSb layer. It is noticeable that the coating of CdS onto AlSb substrates decreases the 

values of R of the AlSb/CdS film in the wavelength range of 500 nm to 700 nm. For 

large λ values it increases. The R spectra of AlSb/CdS show a minor peak at 500 nm 

(2.5 eV) upon coating of CdS slab onto the layer of AlSb. It is also remarkable from 

Fig. 4.6 (b) that the reflectance spectra of the AlSb/CdS heterojunction display near 

zero values in the wavelength region of 660–680 nm. The transmittance of AlSb film 

is decreasing while the reflectance is increasing with increasing λ is an indication of 

enhanced surface absorbability of AlSb with increasing λ.  
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The total effect can be noticed from the absorption coefficient (α) spectra as shown in 

Fig. 4.6 (c). The -E spectra, which is determined by the previously described 

equations (2.30), displays four absorption regions. The high (first) energy region 

(2.63–4.00 eV) where the α-spectra tends to be saturated due to the generation of 

carriers resulting in nonlinear renormalization of the band gap with increasing 

electromagnetic field intensity [17]. As shown from the figure, in the saturated region, 

a significant effect of the CdS slab is observed. The second region is the sharp 

absorption region (2.06–2.63 eV). The third region is the low absorption region (1.47–

2.06 eV). In this region, a clear redshift can be observed in the α−spectra of CdS 

deposited on AlSb substrate as compared to those coated onto glass. In the fourth 

region (1.13–1.47 eV), α−spectra display increasing trends of variation with 

decreasing incident light energy. Such behavior is generally due to free carrier 

absorption. The free carrier absorption occurs as a result of the carrier movement that 

is generated by phonon scattering. The phonon scattering transfers energy to the 

lattice when irradiated by Infra-Red light [82].  

The absorption coefficient spectra of AlSb thin film is presented in Fig. 4.7 (a). As 

shown from the figure, in contrast to the common behavior of the absorption spectrum 

of semiconducting material, the -E spectra of AlSb film decreases with increased 

incident light energy. This behavior explains the reason for free carrier absorption of a 

material that has metal like properties. This behavior also may be ascribed to 

increased permeability within the wavelength (300-1100) nm. It indicates a high 

probability of electronic transitions [83]. 
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Figure 4.7.  (a) the absorption coefficient spectra for the AlSb substrate, (b) the absorption 

coefficients spectra for the CdS deposited on glass and AlSb substrate films and (c) the 

Tauc’s equation plotting’s for the CdS and AlSb/CdS films. 

 

The effects of large lattice mismatches of AlSb/CdS heterojunction on the optical 

properties are examined from the absorption coefficient (𝛼) spectra which are 

illustrated in Fig. 4.7 (b). As seen from the figure, the absorption coefficient values of 

CdS thin films significantly increased upon exchanging the glass substrate by AlSb 

thin film substrate. Although the 𝛼−spectra of glass/CdS strongly decreases with 

decreasing incident photon energy (E) reaching near zero values at 2.17 eV, the 

𝛼−spectra of AlSb/CdS film show a smoother trend of variation and never reach zero 

but exhibit constant values in the incident photon energy range of 1.13-1.5 eV. The 

observed nonzero absorption coefficient values in the AlSb, CdS and AlSb/CdS films 

spectra give evidence about the formation of the interbands and/or band tails in 

studied materials. That behavior demonstrates the presence of interband transitions 

followed by band tails effect in the CdS energy band gap. The band tails in the 
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semiconductor are usually formed by impurities, defects, inhomeganuities and broken 

bonds in the structure [84]. The existence of interbands in AlSb/CdS hetrojunction is 

associated with transitions between the defects and different valence states in Cd, S 

ions (Cd
+2

 and S
-2

) [56]. Another reason for the presence of interbands contribution 

could be assigned to the electronic transitions of the bound electrons from filled to the 

empty bulk band of the material [53].  

Fig. 4.7 (c) illustrates the fitting of the Tauc's equation (2.32) for the absorption 

coefficient spectra in the sharp (second) absorption region. The plotting of (αE)
2
−E 

variation was linear only in the region of sharp absorption. The E−axis crossing in 

that region indicates a remarkable decrease in the energy band gap of CdS deposited 

onto AlSb thin film substrate. The employment of Tauc equation revealed the direct 

allowed electronic transitions energy band of values of 2.20 and 2.45 eV for the CdS 

and AlSb/CdS films, respectively. The direct allowed transitions of the energy band 

gap of 2.45 eV is consistent with literature data reported for the hexagonal phase of 

CdS films [85]. Remarkable redshift from 2.20 to 2.45 eV upon coating of CdS is 

probably due to the lattice mismatches as one reason we have observed in the XRD 

analysis. Another reason could be the overlapping of atomic orbitals between Cd, Sb, 

S and Al atoms which form the interbands that lead to the apparent lower gap [86]. 

The band gap difference is 0.25 eV. Since the electron affinity in n-type CdS is 4.50 

eV [87] and that of p-type AlSb is 3.6 eV [88], then the conduction band offset (Δ𝐸c) 

for the AlSb/CdS heterojunction device is 0.9 eV. The theoretically expected 

difference in the energy band gaps (Eg = EgAlSb− EgCdS) of AlSb (Eg= 1.6 eV [89]) 

and CdS is 0.8 eV. The valence band offset (Δ𝐸v) is 0.1 eV. The differences between 

the theoretically assumed and the experimentally measured values of energy gap for 

the heterojunctions could be ascribed to the increased stacking faults, increased defect 
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density and increased strain (Table 4.3) that arises from the lattice mismatches. These 

parameters are not considered through theoretical estimations. The redshift in the 

direct allowed energy band gap upon insertion of CdS film may be attributed to the 

increase in the lattice parameters, increase in the microstrain and increase in the defect 

density as we have discussed in the structural analysis. The shrinkage in the band gap 

of CdS which is observed in this work is assigned to the formation of band tails that 

probably result from the oxidation process [76]. The interband transitions followed by 

the band tails is believed to exist in the fourth region.   

 

 

Figure 4.8. The absorbability spectra for the AlSb/CdS heterojunction. 

 

The increase in the ability of the AlSb/CdS to absorb light in the visible light region 

can be screened from Fig. 4.8.The figure represents the ratio of the absorbance (  ) of 

AlSb/CdS to that of CdS. As it is readable from the figure, the absorbability region of 

the AlSb/CdS extends from 1.50 to 2.50 eV. It exhibits a maxima in incident light 

energy of 2.21 eV. The absorbability of light signals reaches 14.79 times for the 
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heterojunction. Such property makes the heterojunction more appropriate for 

optoelectronic applications [17]. While the peak which is observed in the    spectra is 

attributed to the direct allowed electronic transitions near the energy band gap. The 

enhancement in the light absorbability in this range of visible light spectra is an 

indication of the success of the large lattice mismatch in enhancing the optical 

performance of AlSb/CdS film [56]. 

 

4.2.2 The properties of the dielectric constant  

The width of the energy band tail (Ee) is evaluated from Urbach rule [53], the 

reciprocal of the linear slope of the plot of ln() –E variations which is shown in Fig. 

4.9 (a). The calculated values of the band tail energy for 540 nm CdS deposited onto 

glass reveals an energy band tail width of Ee=0.680 eV. Since the electronic 

configuration of Cd and S are 4d
10

5s
2
 and 3s

2
3p

4
 respectively, the Cd atoms with the 

filled 5s orbitals can easily overlap with the unfilled 3p orbitals of S atoms, leading to 

the formation of these band tails. This behavior also could be a result of existence 

vacancy effect in addition to the large number of defects. To test the existence of a 

band tail for AlSb/CdS, we calculated the width of the energy band tail by using the 

previous rule and revealed 1.718 eV, compared with the energy band gap of 2.2 eV. 

The band tail should be within the energy band gap Ee 
  

 
. This value suggested that 

the tails width energy is larger than half of the band gap, which means there is no 

band tails. 
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Figure 4.9. (a) The 𝑙𝑛(𝛼)−𝐸 variations for the CdS and AlSb/CdS films, (b) the real part of the 

dielectric spectra for the AlSb, CdS and AlSb/CdS films, the imaginary part of the dielectric 

spectra for (c) AlSb, and (d) CdS and AlSb/CdS films. The dark gray circles in the figure are 

the fittings that reveal the conduction parameters represented in Table 4.7. 

 

Fig. 4.9 (b), (c) and (d) shows the real (r) and imaginary (im) parts of the dielectric 

constant as determined from the Fresnel’s equations. As seen from Fig. 4.9 (b), the 

dielectric constant values for AlSb film linearly increase with decreasing incident 

photon energy in the spectral ranges of 1.13–1.50 eV and 2.30–4.00 eV. The increase 

in the dielectric constant values with decreasing energy provides information about 

the capacitance spectra. The increase in capacitance values as incident photons 

approach the infrared region suggests future applications in wireless communications 

in the terahertz frequency domain [56]. However, the AlSb spectra exhibited two 

resonance shoulders of dielectric constant values (r) of 11.26 and 11.25 at 1.78 and 

2.34 eV, respectively. Namely, while the spectra of 500 nm thick CdS film of our 

early study [17] exhibited a resonance peak of maximum dielectric constant value 
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(      ) of 9.13 at 2.27 eV. For our glass/CdS sample, the r spectra displayed no 

resonance peak but one resonance shoulder of value 4.01 at 2.57 eV. Since the 

dielectric resonance shoulder appeared at an energy higher than that of the energy 

band gap, it should be assigned to other reasons. It is noticeable that the real part of 

the dielectric constant spectra for AlSb/CdS is significantly differing from that of the 

AlSb substrate. On the other hand, for the AlSb/CdS, the r spectra follow the same 

trend of variation of glass/CdS and AlSb substrate in the spectral range of 3.2–4.0 eV. 

For AlSb/CdS double layer there is a redshift in the position of the shoulder of CdS 

spectra and a rise in the dielectric constant value to 6.27 is detected at 2.45 eV. The 

shift in the position of the dielectric resonance shoulder upon insertion of CdS could 

be attributed to the reduction in the recombination rate which is observed to increase 

the defect density on the surface of CdS films. The filling of sulfur vacancies with 

donor atoms reduces the recombination rate by forming electron-hole pairs [76]. 

Another reason for the presence of the dielectric resonance shoulder at 2.45 eV may 

be the reservation of the sulfur vacant sites by un purposely present oxygen atoms 

[76]. It is also observable that the dielectric constant values of the double layer 

exponentially decreases with increasing incident photon energy in the spectral range 

of 1.13–1.78 eV. This behavior could be assigned to the electronic, ionic and space 

charge polarizations or may be attributed to the electron–hole recombination due to 

free carrier absorption near the IR region [57].  

It may also be of interest to mention that the high frequency dielectric constant (   
 ) 

values of the AlSb film decreased from 5.72 to 3.96 as a result of the interfacing 

between the 540 nm CdS on the 130 nm AlSb substrates. The high frequency 

dielectric constant value (ε (∞)) of CdS deposited on the glass substrate of 3.96 is 

close to the CdS interfacing with AlSb.   
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On the other side, the imaginary part of the dielectric spectra which is illustrated in 

Fig. 4.9 (c) and (d) exhibited lower values for the AlSb/CdS films compared to the 

AlSb substrate and also achieved higher values compared to the glass/CdS. As seen 

from Fig. 4.9 (c), im of AlSb film follows the same trend of variation from that of the 

real part but without shoulders. Whereas Fig. 4.9 (d) also presented the same trend of 

variation for AlSb/CdS heterojunctions and a different one for glass/CdS from the real 

part that was discussed previously. Particularly, it increases with increasing incident 

light energy above 2.27 eV for glass/CdS spectra. Moreover, it decreases with 

increasing incident light energy above 2.64 eV upon glass replacement by AlSb 

substrate.  

The imaginary part of the dielectric constant spectra is modeled according to the 

Drude-Lorentz model through the modeling relation [90], 

    ∑
    

   

     
            

   

 

   

                                                                                     

Where,   is the number of dominant linear oscillators,     √  𝑛    ⁄  is the 

electron bounded Plasmon frequency,       is the angular frequency of the 

incident light,    is the reduced resonant frequency,   is the average scattering time 

and represents the inverse of the damping coefficient.    is the free carrier effective 

mass and 𝑛 is the free electron density. The free-carrier mobility is also determined by 

the formula        . In this model, substituting the value of the effective mass for 

holes in AlSb (     
 ) is 0.872 mo [91] and the electron effective mass in CdS (    

 ) 

is 0.25 mo [91], then the reduced mass for the AlSb/CdS interfaces is 0.194 mo. The 

fitting of the imaginary part equation assuming the presence of six oscillators (k = 6) 

is shown by dark gray-colored circles in Fig. 4.9 (c) and (d). Good correlation 

https://www.powerthesaurus.org/moreover/synonyms
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between the theoretical and experimental spectral data is obtained via the fitting 

parameters shown in in Fig. 4.9 (c) and (d) which are calculated and tabulated in 

Table 4.7. 

Table 4.7. The optical conduction parameters for AlSb, CdS and AlSb/CdS films.  

 

As may be seen from the table, the parameters show that the drift mobility for AlSb 

deposited onto glass substrates is less than that previously reported for AlSb thin films 

(400 cm
2
/Vs) [92] for the most dominant oscillator (k = 1). The other oscillators (k = 

2, …, 6) are of less importance as they are subjected to larger damping coefficients. In 

addition, the scattering time for CdS deposited onto AlSb substrate decreased, 

indicating that the damping coefficient increased, leading to more electronic frictional 

forces [56]. Moreover, the effect of insertion CdS on AlSb substrate raises the free 

carrier density and reduces the drift mobility. Literature data reported a value of 344 

cm
2
/Vs for CdS thin films of thickness of 200 nm [76]. The main reason for the 

varying values of AlSb/CdS might be the large recombination of e-h (holes in AlSb 

and electrons in CdS). In accordance with Table 4.7, the AlSb substrate changes the 

range of Plasmon frequency from 6.3–9.9 GHz to 1.8–4.5 GHz. The free carrier 

density of AlSb is very large showing a metallic character. It can be regarded as hole 

supplier to the heterojunction device. The higher the oscillation energy is, the larger 

the free carrier concentration, the larger the plasmon frequency. Since the plasmon 

frequency provides information about the electromagnetic wave cutoff frequency, 

AlSb CdS AlSb/CdS

i 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

i (fs) 1.0 0.6 0.5 0.3 0.3 0.2 2.0 1.3 1.3 0.9 0.8 0.8 1.2 0.8 0.8 0.7 0.5 0.5

ni (x10
18

 cm
-3

) 98 130 147 240 240 240 0.25 0.6 2.75 6.45 9.1 16.3 1.69 1.8 0.5 7.4 9.5 11

wei (x10
15

 Rad/s) 1.6 1.8 2.8 3.65 4 4.5 1.7 2.21 4.2 4.8 5.5 6.3 1.5 1.9 2.2 4 4.95 6.1

wpi (GHz) 6.3 7.3 7.7 9.9 9.9 9.9 0.6 0.9 2.0 3.0 3.6 4.8 1.8 1.8 1.0 3.7 4.2 4.5

mi (cm
2
/Vs) 2.0 1.2 1.0 0.5 0.5 0.4 14.1 9.1 9.1 6.3 5.6 5.6 10.9 7.2 7.2 5.9 4.8 4.8
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large values of    indicate transitivity of waves below 10 GHz. Such numerical 

frequency values of AlSb make AlSb suitable for 4G/5G antenna production. The 

same conclusions can be driven for CdS and AlSb/CdS but with different scales of 

band filtering. 

 

4.3 Impedance spectroscopy analysis 

4.3.1 The measured impedance, reflection coefficient and return loss spectra 

properties for ITO/AlSb and ITO/AlSb/CdS films. 

As a practical application to the proposed ITO/AlSb and ITO/AlSb/CdS devices, the 

top layer of the device is contacted by carbon (C) circular point contact of an area of 

7.14 ×10
−3

 cm
−2

. The C is selected owing to its high work function (5.0 eV) [93]. The 

impedance (Z), reflection coefficient (), return loss (Lr) spectral measurements are 

carried out in the frequency domain of 10 to 1800 MHz. The impedance spectra for 

ITO/AlSb and ITO/AlSb/CdS devices is shown in Fig. 4.10 (a). As shown from the 

figure, while the Z values decreased in the frequency range of 10–150 MHz, that of 

ITO/AlSb/CdS remains close to the ITO/AlSb in the range of 10–900 MHz. In this 

frequency range, the impedance spectra of both devices slowly increases with 

increasing frequency. It then starts decreasing slowly for ITO/AlSb reaching a 

minimum value at 1420 MHz, and then re-increases with increasing signal frequency, 

reaching a high impedance value of 58.30 Ω at 1800 MHz. For ITO/AlSb/CdS 

significantly increased, upon increasing signal frequency in the frequency domain of 

900 to 1420 MHz, reaching an impedance value of 68.85 Ω at 1414 MHz, and then 

sharply decreased, reaching an impedance value of 39.40 Ω at 1500 MHz. After that, 

the Z spectra again increased, reaching a maximum impedance value of 96.00 Ω at 
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1630 MHz. It finally re-decreases with increasing frequency in the remaining range of 

study. The impedance spectra are employed to calculate the magnitude of the 

reflection coefficient through the relation (2.85).  

 

Figure 4.10. (a) The impedance, (b) the magnitude of the reflection coefficient, (c) the return 

loss spectra for the ITO/AlSb film and ITO/AlSb/CdS heterojunction devices. 

 

The magnitude of the reflection coefficient () spectra is shown in Fig. 4.10 (b). As 

appears in Fig. 4.10 (b) below 900 MHz, for both samples, the  spectra slightly 

increases in the frequency domain of 10-120 MHz, and exhibit very low values in the 

low frequency domain of 120-850 MHz. Above 900 MHz, the  spectra display 

difference behavior between samples after formation of ITO/AlSb/CdS. The device of 

ITO/AlSb behaves as a low pass filter as  approaches zero in the domain of 1300-

1800 MHz, where it exhibits  values greater than 0.6 in the frequency domain of 

1000-1450 MHz. On the other hand, the reflection coefficient spectra for the 

ITO/AlSb/CdS demonstrates features of double band-stop filters in the domain of 
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1100-1800 MHz with notch frequencies of 1360 and 1530 MHz. Due to the values of 

 being approaching zero values, and positive, the double band-stop filters are 

assumed to exhibit a good match between the signal generator (source) and device. 

The quality of the filtered signals is detected from the return loss (Lr) spectra equation 

(2.91), which is shown in Fig. 4.10 (c). The acceptable return loss values should 

exceed 20 dB, if this value is reached then the electromagnetic power transmission 

between source and device is efficient. While the ITO/AlSb devices return loss 

spectra reaches a value of 23.97 dB at 1775 MHz. The value of Lr at the notch 

frequency (1351 MHz) is 25.43 dB for ITO/AlSb/CdS. It may be indicated that the 

device is ideal for use as a band stop filter. 

 

4.3.2 The measured conductivity and capacitance spectra properties for 

ITO/AlSb and ITO/AlSb/CdS films. 

The transient electrical properties of ITO/AlSb film and the effect of the insertion 

CdS over ITO/AlSb thin film is evident from the measured conductivity and 

capacitance spectra in the frequency domain of 10-1800 MHz. The conductivity () 

spectra for the samples under study are illustrated in Fig. 4.11 (a) and (b). It is clear 

from Fig. 4.11 (a) that the conductivity of the ITO/AlSb sample sharply increases 

with increasing AC signal frequency until the frequency reaches a value of 150 MHz. 

At this value, conductivity exhibits an absolute maximum, then it starts decreasing 

with increasing frequency until the value of 1090 MHz is reached. After this value, 

another peak of local maximum appears in the conductivity spectra at the frequency 

value of 1443 MHz. 
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Figure 4.11. (a) and (b) The AC conductivity for ITO/AlSb and ITO/AlSb/CdS films, 

respectively. The insets of (b) show the S' exponent parameter variation with frequency. 

  

 This trend of variations can be explained by assuming the existence of both of the 

current conductions by quantum mechanical tunneling (QMT) and correlated barrier 

hopping (CBH) mechanisms [59]. Both of the theoretically estimated QMT (w) and 

CBH (w), which are dominant below and above 150 MHz, reaching a frequency value 

of 900 MHz are shown in Fig. 4.11 (a). The fitting parameters which are calculated by 

using the equation (2.102) to reproduce the experimental data (black colored circle in 

Fig. 4.11 (a)) are shown in Table 4.8.  
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frequency range and may be achieved by the combined conduction mechanism 

composed of QMT and CBH mechanisms. Unfortunately, equation (2.102) is not 

valid for using in this range of frequency (900-1800 MHz), which needed more deep 

analysis in addition to the existing QMT and CBH. 

Table 4.8. The electrical conduction parameters for ITO/AlSb and ITO/AlSb/CdS devices. 

 

 As seen from Fig. 4.11 (b), the coating of CdS over ITO/AlSb sample follows the 

same trend of variations of the ITO/AlSb conductivity spectra in the frequency 

domain of 10-900 MHz, and changed the behavior of the conductivity spectra and 

decreased its value for all applied frequencies larger than 900 MHz. Particularly, for 

the ITO/AlSb/CdS/C device, -spectra values decreased from 1.33 (Ω cm)
−1

 at 10 

MHz to 0.045 (Ω cm)
−1

 when the frequency reaches 1800 MHz. An abnormal minor 

peak appeared at 1504 MHz. This conductivity behavior was modeled in the 

heterojunction device assuming domination of quantum mechanical tunneling (QMT) 

and correlated barriers hopping (CBH) conduction mechanisms. The domination of 

the tunneling process should be valid as the S parameter decreases with increasing 

frequency, which is evidenced in the inset of Fig. 4.11 (b). The inset shows that the 

domination of the quantum tunneling mechanical model is in the range of ~30 MHz to 

180 MHz. The good consistency between the experimentally and theoretically 

f < 100 MHz f  > 100 MHz f < 500 MHz 500 < f < 1000 MHz f > 1000 MHz
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n (cm
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N(EF)  (x10
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(L) x (10
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 W
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measured AC conductivities in the frequency domain of 10-1140 MHz, which is 

shown by black colored circles in Fig. 4.11 (b). This solution did not achieve the 

conductivity values at high frequencies (1140-1800 MHz). This is because the 

equation assumes the presence of one kind of scattering time in a specific barrier of 

identical nature that dominates the tunneling and/or hopping. However, our proposed 

device has two different materials that may form subgap, which could also form 

another class of correlated barriers. It means some further work must be attempted to 

reach two featured solutions above and below 1140 MHz. The fitting parameters of 

the ITO/AlSb/CdS device are shown in Table 4.8. According to the data of Table 4.8, 

the insertion of the CdS layer achieved relaxation time (o) of 0.9 ps refers to a 

phonon frequency value of v = 37.04 cm
-1

. The density of states near the fermi level is 

1.00x10
20

 cm
-3

eV
-1

. In addition, the increasing values of the AC (H) and constant 

values of AC (L) can be due to the orbital energy bands overlapping [94]. Moreover, 

the increase in the relaxation time is ascribed to the structural modifications [94]. In 

accordance with our X-ray analysis, the insertion of a semiconducting material that 

causes reduction in the grains sizes and increased values of the defect density and 

stacking faults also means larger probability of charge carrier hoping. We believe that 

upon interfacing of CdS with AlSb film, the large defect density which acts as trap 

centers can prevent control of resistivity through doping or field effect [95].   

On the other hand, the capacitance spectra of the ITO/AlSb/C and ITO/AlSb/CdS/C 

samples are illustrated in Fig. 4.12 (a) and (b), respectively. Although, the C-spectra 

of the ITO/AlSb/C sample showed a decreasing trend of variation with increasing 

signal frequency, it displayed one resonance peak at 17 MHz. Reproduction of using 

equation (2.123) experimental data of the ITO/AlSb capacitance spectra, which reveal 
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the black circles in Fig. 4.12 (a) with the tabulated values of the computed parameters 

(an, ap, wn, wp) are shown in Table 4.8. 

 

Figure 4.12. (a) and (b) The capacitance spectra for ITO/AlSb and ITO/AlSb/CdS Schottky 

barriers, respectively. The insets of (a) and (b) show the geometrical design of the measured 

samples. 

 

The ITO/AlSb/CdS/C device displays strong resonance peaks centered at 217 MHz, 

829 MHz and at 1098 MHz followed by a weak antiresonance phenomena appeared at 

226 MHz, 819 MHz and at 1108 MHz, respectively. The resonance peaks in Fig. 4.12 

(b) gain importance as they indicate storability of electromagnetic energy at these 

critical frequency values [48]. While the resonance occurs at positive capacitance 

values, antiresonance appears in the negative range of capacitance. In the remaining 

frequency domain of 1160–1800 MHz, the capacitance spectra remain positive. The 

Qasrawi–Ershov approach for AC conduction is employed to understand the 

experimental data of the capacitance spectra for the device under study. Reproduction 

of the experimental data of the capacitance spectra shown by black circles in Fig. 4.12 
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(b), which was achieved by equation (2.123), assuming the fitting parameters shown 

in Table 4.8. Because of their negative capacitance effect in the microwave frequency 

domain, heterojunctions are beneficial for parasitic capacitance cancellations and 

noise reduction [96]. 

 

4.3.3 The measured impedance, resistance, reflection coefficient and return loss 

spectra properties for AlSb bulk device. 

Fig. 4.13 (a) shows the resulting impedance (Z) spectra for the AlSb bulk device. As 

evident from this figure, the impedance spectra show a weak decreasing trend of 

variation in the frequency range of 10–300 MHz. It then starts slightly increasing with 

increasing frequency, with an abnormal maximum appearing at a frequency value of 

1200 MHz. The Z spectra then significantly increased with increasing frequency, 

reaching a high impedance value of 94.26 Ω at 1800 MHz. Such behavior is shown in 

the ITO/AlSb thin film that was previously reported. The resistance which is shown in 

the Fig. 4.13 (b), decreases with increasing frequency values, reaching a resistance 

value of -50.7W at 1800 MHz. It interests to mention that, the resistance of the bulk 

being negative above a frequency value of 1525 MHz. The negative resistance means 

there are n-stable and p-stable charges in the bulk alloy. Negative resistance suggests 

useful future applications in microwave resonators [97]. 

The impedance spectra are used to calculate the magnitude of the reflection 

coefficient through the relation (2.90). The magnitude of the reflection coefficient () 

spectra is shown in Fig. 4.13 (c). The  values increase with increasing frequency, 

reaching a value of 1.61 at 1800 MHz. This property is characteristic of high pass 

filters. Due to the values of  being larger than one and positive, the high-pass filters 
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are supposed to reject all incident waves. The quality of this filter is characterized 

from the return loss (Lr) values which are shown in Fig. 4.13 (d). A good match 

always requires Lr values greater than 20 dB. For our proposed device, the value of Lr 

at the notch frequency (1800 MHz) is -4.16 dB. A clear difference in the performance 

is observed between AlxSby thin film and AlxSby bulk form in the last two figures. 

 

Figure 4.13 (a) The impedance, (b) the resistance, (c) the magnitude of the reflection 

coefficient, (d) the return loss spectra for the AlSb bulk devices. 

 

4.3.4 The measured conductance and capacitance spectra properties for AlSb 

bulk device. 
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decrease with increasing signal frequency, with an abnormal peak appearing 

at a frequency value of 1320 MHz. In general, the slope of variation of the G-

f curve is positive and negative below and above 355 MHz, respectively. 

This dynamical behavior of the conductance is due to the domination of 

quantum mechanical tunneling of charged particles below 355 MHz and 

ascribed to the domination of the correlated barrier hopping conduction 

mechanism above 355 MHz. In addition, negative conductance could be 

causing the negative resistance phenomenon which we mentioned above. On 

the other hand, the capacitance spectra for the AlSb bulk device, which is 

illustrated in Fig. 4.14 (b), show positive capacitance effect in all the studied 

frequency domain. It exhibits a very narrow peak at 10 MHz. Also, we 

observed that the features of the bulk device are not much different from 

those previously obtained by ITO/AlSb thin film device. 

 

Figure 4.14. (a) The conductance and (b) the capacitance spectra for AlSb bulk devices. 
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Chapter 5  

Conclusions 

In this thesis, we studied the basic physical properties of AlSb in the bulk and thin 

film forms. The films which are prepared as substrates to form AlSb/CdS 

heterojunction devices were grown by the thermal evaporation technique at 

sufficiently high vacuum pressure. Investigation on these films were carried out by 

the X-ray diffraction (XRD), ultraviolet-visible light spectrophotometry, impedance 

spectroscopy and direct current analysis.  In addition to the experimental 

investigations, while the XRD results were analyzed by the “TREOR 92” and 

“Crystdiff” software packages,  the optical data and impedance spectroscopy were 

theoretically studied  by the Drude-Lorentz and Ershov-Qasrawi models. The XRD 

analyses have shown that formation of hexagonal CdS onto cubic AlSb substrates 

result in highly strained structure associated with large lattice mismatches. These two 

parameters are the keys which control the optical and electrical properties of the 

AlSb/CdS heterojunctions.  Optically, well aligned valance bands with band offset of 

0.1 eV are achieved. The conduction band offset is 0.90 eV. It is also concluded that  

stacking of AlSb with CdS enhances the light absorbability of CdS by more than 14 

times in the visible range of light. From dielectric point of view, stacking of the two 

layers increased the free carrier density, shifted the main IR oscillator energy and 

changed operative range of plasmon frequency from radiowave to microwave ranges.    

On the other hand, the impedance spectroscopy analyses have shown the ability of 

employing the stacked layers of AlSb and CdS as microwave resonators and band 

filters. The heterojunctions are also beneficial for parasitic capacitance cancellations 

and noise reduction as they exhibit negative capacitance effect in the microwave 

frequency domain.  The return loss values of the heterojunctions when used as high 
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pass filters are comparable with the commercially produced ones indicating  the 

suitability of these thin film band as filters for use in 4G/5G technologies.  

We believe that further work must be done to reduce the metallic character of AlSb 

substrates to make them on standing in optoelectronic technologies. Thus, it is one of 

our future works to find alternative method for producing AlSb thin films of 

nondegenerate semiconductor characteristics rather than metallic type. We also target 

studying other photosensitive heterojunctions formed onto AlSb after reaching the 

requested enhancements.           
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