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Abstract 

 

In this  thesis, iron selenide thin films of thickness of       are prepared by the thermal 

evaporation technique. Films which are coated onto glass substrate, under vacuum pressure of 

         are sandwiched with Al nanosheets of thickness of 50 nm. The thesis focus on 

comparing the structural, optical and electrical properties of the films before and after 

insertion of Al nanosheets. Remarkable induced crystallization process is observed in the iron 

selenide films as a result of Al participation. In addition, the sandwiching of the iron selenide 

thin films with Al nanosheets, resulted in enhanced optical absorbability in the visible and 

infrared ranges of light. It also red shifts the energy band gaps from the visible range to the 

infrared range of light. The shrinkage in the energy band gap is accompanied with remarkable 

increase in the electrical conductivity at room temperature. Temperature dependent 

investigations of electrical conductivity in the temperature range of 100-350 K have shown 

that the conductivity is dominated by the thermal excitation of charge carrier in the high 

temperature range and by the variable range of hopping conduction at low temperatures. 

Insertion of Al nanosheets, highly shifted the conductivity activation energy forcing the iron 

selenide samples to display degenerate semiconductor characteristics. Furthermore, the 

analysis of the dielectric spectra in the visible range and infrared ranges of light have shown 

that the 50 nm thick Al nanosheets are sufficient to improve performance of iron selenide. 

The dielectric constant increased nonlinearly with decreasing incident light energy, making 

the films more appropriate for passive and dynamic mode device fabricators. 
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Chapter One 

 

Introduction and Literature Survey 

 

 
Iron Selenide is regarded as a promising material for optoelectronic applications. They are 

used as optical fibers, photodetectors, solar energy convertors and as microwave band filters 

[1-5]. The discovery of iron-based materials with a high superconducting transition 

temperature Tc has attracted much attention for both fundamental studies and practical 

applications. Until now, plenty of efforts have been made to obtain higher superconducting 

performance, but the intrinsic mechanism of superconductivity in these systems is still being 

explored [6]. Iron Selenide exhibits superconducting characteristics which make it promising 

as multifunctional material [6-9]. Various techniques have been employed to prepare iron 

Selenide thin films. Reports included the thermal evaporation technique at low pressure [4]. 

The Iron Selenide thin films which is prepared by the thermal evaporation technique at 

pressure of 10
-5

torr displayed distinct optical, structural and electrical properties. Iron 

selenide thin films are also prepared by the pulsed laser deposition technique [10]. These 

films were observed to exhibit enhanced superconducting characteristics. Iron Selenide thin 

films which are prepared by the molecular beam epitaxy [11] displayed insulating 

characteristics.  

Temperature dependent electrical resistivity studies on these films have shown that the 

electrical and structural properties of these films depends on the stoichiometric ratio of the 

iron to Selenide. As for example, stoichiometric ratios of Fe/Se of 1.1 revealed best film 

quality with high surface flatness. The transitions from insulator to superconductor 

characteristics were assigned to the iron richness in the films [11]. 
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Literature data mostly employed the X-ray diffraction technique to determine the structure of 

the films. Our X-ray diffraction studies on the stacked layers of iron Selenide thin films of 

500 nm thickness at room temperature shows that these samples are amorphous. As though 

we will attempt to alter the crystalline nature of the films through inserting aluminum 

nanosheets between layers of iron selenide. The nanosheets are expected to cause induced 

crystallization process owing to the lattice mismatches.  As an alternative procedure of light 

transportation the presence of transparent Al layer between layers of iron selenide will cause 

some internal reflectance that plays a role in enhancing the optical absorbability. In addition, 

the presence of Al ion will increase the number of orientable electric dipoles that in turn 

increases the dielectric constant as a result of enhanced polarization.  Moreover, because the 

electrical resistivity of Al slabs is much lower than that of iron selenide, the presence of Al 

will force electron motion through Al as its easier way of transportation. This will lead to an 

increased electrical conductivity which makes the material more appropriates for 

optoelectronic applications. 

In this thesis, we discuss the physical properties of iron selenide thin films and will show how 

the insertion of Al nanosheets can affect these properties. Particularly, the structure, optical, 

electrical properties and dielectric performance as will be explored by using of X-ray, UV-

VIS and I-V spectroscopy techniques. In the second chapter, will discuss the theoretical 

background that is needed to determine the experimental results. In the third chapter, the 

experimental details that are used to deal with the measurements are reported, and some 

information about the measuring devices will be introduced. In chapter four, we will 

determine the important result and their interpretations. Finally, the conclusions will be 

shown in chapter five. 
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Chapter Two 

Theoretical Background 

 

 
 

2.1 X-ray Analysis 

 

X-ray diffraction (XRD) is analytical technique used to determine the crystal structure and 

can provide information about unit cell dimensions of a crystalline materials. Crystal is a 

solid material whose constituents (such as atoms, molecules or ions) is arranged in a highly 

ordered microscopic structure [12]. In general, solid materials can be classified into three 

types: 

 Single crystal. 

 Polycrystalline. 

  Amorphous materials. 

Crystal structure can take seven structural forms named cubic, hexagonal, tetragonal, trigonal 

triclinic, monoclinic and orthorhombic. These crystal structures can be defined in terms of 

lattice vector (a,b,c) and lattice angle ( , , ). These crystal structures are shown in table 

2.1[13]. 

Table 2.1 The seven crystal structures. 

Crystal Structures lattice constant and angles 

Trigonal a = b = c , α = β = γ ≠ 90
o
 

Monoclinic a ≠ b ≠ c , α= γ = 90
o
≠ β 

Orthorhombic a ≠ b ≠ c , α = β = γ = 90
o
 

Tetragonal a = b ≠ c , α = β = γ = 90
o
 

Cubic a = b = c , α = β = γ = 90
o
 

Hexagonal a = b ≠ c , α = β = 90 , γ = 120
o
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Triclinic a ≠ b ≠ c , α ≠  β ≠ γ ≠  90
o
 

 

X-ray apparatus generating rays by a cathode ray tube, filtering to produce monochromatic 

radiation, collimating to concentrate the rays and directed toward to the sample [14]. XRD 

gives information about the crystal phases. In addition, it provides information about crystal 

orientations, structural parameters, crystallite sizes (D), stacking fault percent's (SF%), 

interplanar distances (d), dislocation densities ( ) and strains ( ). These physical parameters 

are determined from the broadening width ( ) of the maximum observed peak [14]. XRD 

peaks are produced by constructive interference of a collimated monochromatic beam of X-

rays scattered at specific angles from a set of parallel lattice planes in a sample. Bragg 

equation used to calculate the interplanar distance ( ) is given by the equation (2.1) [15]. 

                                                                                                                                                                          

(2.1) 

Where   is the wavelength of incident X-ray,   is an integer (order of reflection),   is the 

interplanar distance between successive atomic planes and   is the angle of incidence. The 

schematic diagram of Bragg's law is shown in figure 2.1 [16]. 

 

Figure 2.1 The schematic diagram of Bragg's law 
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  ,   parameters are calculated by using scherrer equation (2.2) [18]. 

      
  

 
        

     

 
                                                                                                              

(2.2) 

where   is width at half maximum intensity of peaks in radians.   is the size of the 

crystallites,   is a constant related to crystallites shape and   is the strain. Stacking faults is a 

type of a defect which characterizes the disorder of crystallographic planes and is calculated 

by the equation (2.3). 

    
    

  √     
                                                                                                                                           

(2.3) 

However, the dislocation density ( ) which is the total length per unit area can be calculated 

from the equation (2.4) [18].  

  
   

  
                                                                                                                                                      

(2.4) 

Where   is the strain,   is the crystallite size or average grain size and   is the lattice 

constant. 

 

2.2 Optical Properties 

 

 Optical properties are one of the most fascinating aspects of nano-materials. Many 

applications are based on optical properties of nano-materials such as lasers, sensor, imaging, 

optical detector, solar cell, photocatalysis and biomedicine [19]. The optical properties of 

different materials are studied using optical spectroscopic techniques. These techniques are 
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usually based on measuring absorption, scattering or emission of light. One of the most 

popular techniques for studying the optical properties of various materials is UV-visible 

spectroscopy technique. UV-VIS spectrometer is based on measurement of transmittance (T), 

reflectance (R) and absorbance (A). The transmittance, reflectance and absorbance of light 

that is incident on the optical medium is shown in figure 2.2.  

 

Figure 2.2 Schematic representation of reflectance, absorbance and transmittance. 

 

The spectral data ( ,  ) are also used to determine the absorption coefficient ( ) through the 

equation (2.5) [20]. 

  (    )(    )(    )    (   )                                                                                    (   )                                                                             

Where   is the thickness of the absorbing medium,   ,    and    (when two materials are 

deposited on glass substrates) are the reflectance of the glass, first layer of material and 

second layer of material, respectively, and  is the absorption coefficient. The absorption 

coefficient ( ) is a representative term of determining how far incident light of a certain 

wavelength penetrates a material before being absorbed. The   can be calculated through 

equation (2.6) [21-23]. 

   
 

 
  (

 

(    )(    )(    )
)                                                                                     (   ) 
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 However, the absorption coefficient is very important because it is providing information 

about electronic band structure of materials. The electronic band structure of materials 

represented the allowed energy levels according to band theory and provides many of its 

physical properties such as electrical and optical properties of different materials. A band 

structure diagrams reveal whether a material is metal, semiconductor or insulator, and define 

the band gaps for those materials. The energy band gap (  ) values of the materials is 

determined by using the Tauc's relationship [24]. 

 

    (    )
                                                                                                                                 (   ) 

Where   is the absorption coefficient,   is a constant,    is the optical band gap energy and p is 

1/2, 2, 3 and 3/2 correspond to direct allowed, indirect allowed, indirect forbidden and direct 

forbidden electronic transition, respectively [25]. The band gap refers to energy difference 

between the top of valance bands and the bottom of conduction bands in insulator and 

semiconductor materials and there is no energy difference between valance band and 

conduction band in metal materials. The band structure of solids shown in figure 2.3. 

 

Figure 2.3 The band structure of solids. 
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 If the crystal momentum (k-vector) in the Brillouin zone of the valance band and the 

conduction band is the same then the band gap is called direct, and indirect if it different as 

shown in figure 2.4 [26]. 

 

 

Figure 2.4 The electron path for direct and indirect transitions. 

 

To determine the type of transition one may Plot (  )    –   for each   then the linear line 

which includes most of the experimental data of   decides the type of transition and the E-

axis crossing indicates the    [25]. 

 

2.3 Electrical Properties 

 

There are many types of materials based on their electrical properties like conductors, 

semiconductors, insulators and superconductors. The classification of materials based on their 

electrical properties depend on the phenomenon of electrical conduction. The electronic band 
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structure of materials and the mechanisms of conduction by electrons influences its ability to 

conduct. In crystalline solid materials, atoms interact with their neighbors, the energy levels 

of the electrons in isolated atoms transform to bands. Thus, electrons in a solid complete the 

energy bands until reaching a certain level, called the Fermi energy. Bands which are 

completely full of electrons cannot conduct electricity, because there is no state of near 

energy to which the electrons can jump. Materials in which all bands are full are insulators. In 

some cases, a material with filled bands cannot conduct electricity, but at certain temperature, 

electrons can be excited from valance band to conduction band and these type of materials 

called semiconductors. In addition, a material that have unfilled space in the valence energy 

band called metals.  In metals and some of the other materials, the conductivity became very 

high at low temperature and that materials called superconductors [27-36]. 

 The conduction mechanisms in solid materials are of interest for researchers since many 

years. There are many types of conduction mechanisms such as tunneling current conduction, 

Ohmic conduction, thermionic emission of charged particles, variable range of hopping 

(VRH) and thermal excitation of charge carriers [37-42]. 

 

2.3.1 Thermal Excitation of Charge Carrier  

 

Thermal excitation of charge carriers is one of the most dominant mechanisms in the 

electrical transport. The electrical conductivity (ζTh) is defined by the following equation 

[43]: 

 

         (
  

  
)                                                                                                                           (   ) 
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With          or          being the electron activation energy in n-type 

semiconductor or hole activation energy in p-type semiconductor, respectively,   is 

temperature and   is Boltzmann constant. Where Ec, Ev and EF are the extended conduction 

band energy, the extended valance band energy and the Fermi energy, respectively. The 

energy band gap (       –   ) of materials is temperature dependent, and the value of 

       is also temperature dependence. Due to the linear variation of the energy band gap 

with temperature, the value of the activation of energy    becomes     –    , where   is the 

rate of change of activation energy with temperature in (    ) [44]. The     function can be 

written as: 

      
    ( 

   

  
)                                                                                                                        (   )  

and, 

  
     (

 

 
)                                                                                                                                    (    ) 

Where   
  is the pre – exponential factor. The variation of    with   can be defined by the 

equation, 

  ( )

  
     ( ( ))–     (  )                                                                                                          (    )        

Executing the first derivative of    ( ), 

   ( )  
  ( )    (  )

 (
 

  
)

                                                                                                                     (    )                                                                                    

If     ( ) that is obtained from the derivation of   ( ( )) with respect to (    ) exhibit 

constant value in particular range of temperature, then the excitation of these levels depends 

on the thermal energy [44], and conduction mechanism is dominant by thermal excitation. 

 

 

  2.3.2 Variable Range Hopping (VRH) 
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If there are some temperature regions in which the derivative of    ( ( )) with respect to 

(    ) are not constant, then the hopping condition occurs. The hopping conductivity     is 

given by the following equation (2.13) [45].  

          (
  
 
)                                                                                                                      (    ) 

 

Where, 

    
       (  )                                                                                                                        (    ) 

and the degree of disorder in kelvin, 

   
   

   (  )
                                                                                                                                      (    )                                                                                                                        

Here,   is the hopping distance,     is the phonon frequency,  (EF) is the density of localized 

state near Fermi level,   is a dimensionless constant,   is a localization length (  ̇) and   is 

the inverse of localization length ( ). The average hopping energy ( ) and the average 

hopping distance ( ) at 100 K for example, are evaluated by the following equations: 

  (
 

       (  )
)
   

                                                                                                         (2.16) 

And, 

  
 

     (  )
                                                                                                                    (2.17) 

The variable range of hopping occur near the Fermi level and when the localized level are 

distributed quasi continuously. In addition, the hopping between two sites becomes most 

probable when the energy difference ( ) is small. As the value of     (     ) is 
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increasing the hopping probability increases. To check the validity of the variable rang of 

hopping (VRH) transport mechanisms we must investigate      
  ,       , and 

       [46-48].   

 

 

 

 

 

 

2.4 Dielectric Dispersion  

 

One of the most distinctive optical features of the dielectric solids is refractive indices and it 

depends on the wavelength of the incident optical beam. The dispersion equation is 

introducing the refractive index-optical wavelength relation. The propagating electromagnetic 

waves through the dielectric solid cause optical attenuation and dispersion. 

 The following equation is describing the dispersive refractive index [49].  

            ( )     ( )                                                                                                   (2.18) 

 ( )     ( )  (          )
 
                                                                                                      (    ) 

Where  ( ) is refractive index,  ( ) is the extinction coefficient and εr , εim are the real and 

imaginary dielectric constant, respectively. εr and  im can be connected to the refractive index 

 ( ) by squaring the both sides of equation (2.19). 

 ( )   ( )      ( ) ( )                                                                                          (    ) 
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 By comparing the real parts and the imaginary parts on both sides one immediately get εr and 

 im in terms of  ( )and  ( ). 

 ( )   ( )                                                                                                                              (    ) 

   ( ) ( )                                                                                                                                  (    ) 

Replacing k(λ) by ( 
  

  
 ) and n(λ) by (    )

   , then the dielectric constant shown as the 

following equation. 

        ( 
  

  
)                                                                                                                              (    )                                  

    √    ( 
  

  
 )                                                                                                                              (    )   

An incident electromagnetic  wave propagated along z-axis inside a dielectric material 

compromises an electric field part. 

      
 (     )                                                                                                                              (    )      

Where, 

  
 

 
                                                                                                                                         (    )          

The electric field consists of incident and reflected waves moves along +z-axis and –z-axis, 

respectively,  

      
 (
  

 
   )     

 (
   

 
   )                                                                                                 (    )   

The    continuity at the dielectric surface initiates a relation between   ,    and   . 

                                                                                                                                             (    ) 

The continuity in the tangential magnetic field component    at the surface, gives rise to the 

second relation between   ,    and   . Using Maxwell's equations, 
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                                                                                                               (    ) 

By applying the curl relative to z-axis to the x-component of the incident electric field, 

   
  

 
   

 
                                                                                                                                     (    ) 

equation (2.30) yields,  

      
 

 
   

 

 
   

 

 
                                                                                                  (    ) 

Simplification of equation (2.31) yields,  

                                                                                                                                    (    ) 

Then, the normal reflectance and the reflection coefficient can be expressed as, 

  |
  
  
|
 

                                                                                                                                           (    ) 

  
  
  
                                                                                                                                                (    ) 

By using equations (2.28) and (2.32)           can expressed as, 

   
 

 
  (          )                                                                                                               (    ) 

   
 

 
  (          )                                                                                                               (    ) 

Equations (2.35) and (2.36) are used to rewrite the normal reflectance indicated by equation 

(2.33) in terms of          . 

  |
          

          
|

 

                                                                                                                       (    ) 
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By using equation (2.18) R can expressed as, 

  
(   )    

(    )    
                                                                                                                         (    ) 

The reflectance   in terms of effective dielectric constant  eff and the extinction coefficient 

 ( ) is shown in the following equation [50,51]. But, the extraction of the effective dielectric 

constant comes from reflectance R and absorption coefficient data  . 

  
(√      )

    

(√      )
    

                                                                                                                   (    ) 

However, the real and imaginary parts of the dielectric constant are related to the effective 

dielectric constant. The effective dielectric constant is very important term used to investigate 

the practical applicability of materials. 

The imaginary part of the dielectric constant and the frequency of the incident lights is used 

to calculate the conductivity of material by the following equation, 

  ( )  
    

  
                                                                                                                                                         

(2.40) 
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Chapter Three 

 Experimental Details 

 

3.1 Substrate Cleaning 

 

The glass substrates were washed with distilled water to remove dust and by Alcohol to 

assure removal dust and contaminants from the surface. The cleaning process is completed in 

ultrasonic resonator in distilled water at 70 °C for 20 minutes. Then, the substrates immersed 

and washed with alcohol again. Finally, the substrates dried by glass paper and hair dryer. 

 

3.2 Thin Film Preparation 

The physical evaporation techniques are used to create thin films. Iron Selenide thin films 

prepared at vacuum pressure of 5x10
-5

mbr by using VCM 600 evaporation system which is 

shown in figure 3.1.  
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Figure 3.1 The VCM 600 evaporation system. 

First, a 0.25 g of Fe2Se3 evaporated on six samples of cleaned glass and two samples of hall 

bar to create Fe2Se3 layer of 250 nm. TEFLON tape is used to cover three samples of Fe2Se3 

250 nm and one sample of Fe2Se3 250 nm hall bar. Then, 0.2 g of Al evaporated on all 

samples to produce a layer of 50 nm and the produced thin films were, three samples of 

Fe2Se3, three samples of Al/Fe2Se3, one sample of hall bar Fe2Se3 and one sample of hall bar 

Al/Fe2Se3 films. After that, we remove the TEFLON from the samples and evaporates again 

250 nm of Fe2Se3 on all samples to produce Fe2Se3 500 nm (FAF-0) and Fe2Se3/Al/Fe2Se3 

(FAF-50) thin films. The geometrical design and the final prepared thin films are shown in 

figure 3.2 and figure 3.3, respectively. 
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Figure 3.2 The geometrical design of (a) FAF-0 and (b) FAF-50. 

 

Figure 3.3 The final prepared thin films. 

 

To study the structural, optical and electrical properties of thin films we use the following 

techniques. 

 

3.2.1 The X-ray Diffraction (XRD) 

 

The Rigaku diffractometer equipped with Kα radiation of a copper anode of average 

wavelengths of 1.5405 Å at 40 KV and 15 mA is used to study the crystalline structure of 

FAF-0 and FAF-50 thin films. The Rigaku diffractometer is shown in figure 3.4. 
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Figure 3.4 The Rigaku diffractometer. 

 

 

 

 The    was set between 10°-70° with scan speed 1 deg/min. the schematic diagram of XRD 

shown in figure 3.5. 
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Figure 3.5 The schematic diagram of XRD. 

 

 

 

3.2.2 Optical Measurements 

 

 Ultra Violet visible light spectrophotometer is used to investigate the optical properties of 

FAF-0 and FAF-50. The transmittance (T) and reflectance (R) of thin films are measured in 

the wavelength range 200-1100 nm with a scan speed 1200 nm/min.  

 

 

The vision Pro program is used to analyze data. The energy gaps, interband transition 

energies and dielectric constant are determined by measuring the transmittance and 

reflectance of thin films.  

 

The UV-VIS spectrometer is shown in figure 3.6. 
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Figure 3.6 The UV-VIS spectrometer. 

  

3.2.3 The I-V Measurement 

 

       The current values with respect to the applied voltage were measured for the Fe2Se3 bulk 

using Keithley 6485 picoammeter and Keithley 230 programmable voltage source with the 

help of a MATLAB software connected with them by a computer as shown in figures (3.7). 

The current-voltage (IV) measurements were recorded at room temperature (300K) for the 

bulk in order to know the metals’ conductivity behaviour (Ohmic or not Ohmic) while the 

current-temperature (I-T) dependence carried out using electrical cooling (350-100) K which 

showed a very interesting result as we will see in the next chapter.  

The current-temperature data was used to form the resistivity-temperature dependence curve. 

The dimensions of the sample (the width (W) and the length which is the distance between 

the electrodes (L)) were measured by a ruler and found to be 0.2 cm and 0.7 cm, respectively 

while the thickness (t) was found to be       cm. According to that measurement it is 
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clearly found that the cross sectional area (A) is       cm
2
 which helped in resistivity 

calculations. 

 

 

 

Figure 3.7 IV measurements. 

 

 

 
 

 
 

 

 

 

Chapter Four 

L= 0.4 cm 
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Result and Discussion 

 

4.1 Structure Analysis 

 

In this part, Fe2Se3 and Fe2Se3/Al/Fe2Se3 thin films are studied and characterized. The main 

difference between the films is the insertion of 50 nm thick Al nanosheets. The X-ray 

diffraction (XRD) is used to identify the crystal structure of thin films. The result of XRD 

patterns which are shown in figure 4.1 indicates the amorphous nature of structure of the 

FAF-0. No intensive peaks were obtained in the XRD patterns. On the other hand, as the 

XRD patterns of FAF-50 films show five peaks are detectable. 

   

Figure 4.1 The XRD patterns for FAF- 0 and FAF- 50 samples. 

 

The XRD patterns of  FAF- 50 sample reveal reflection peaks at    = 29.95º, 34.60º, 38.60º, 

43.95º and 55.95º. The most intensive peak appeared at 29.95. None of this peaks are related 

10 20 30 40 50 60 70

2 (
o
)

 I
/I

o

FAF-50

FAF-0
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to a fcc cubic Al which was used for sandwiching the films. For this reasons, deep analysis 

that considers all possible structures were carried out. Calculations of the possible structures 

and phase weight using the previously mentioned equations were carried out. The software 

Packages revealed that the FAF films exhibits two phases one for Fe2Se3 with weight of 72% 

and other for Fe3O4 with weight of 28%. The calculated plane Orientations of the observed 

peaks are shown in table 4.1. To understand the reason for the induced crystallization that is 

gained by insertion of Al nanosheets between layers of Fe2Se3, the ionic radius of the material 

composers are tabulated in table 4.2. Comparing the numerical values, it possible to say that 

the phase of Fe3O4 occurs because of the ionic radius of O being shorter than the ionic radius 

of Se and the bond length of Fe-O is less than the bond length of Fe-Se as shown in table 4.2 

[52-56]. 

For the maximum peak at 2 = 29.95, the grain size, strain, dislocation density and staking 

faults were calculated by the following equations [57-60].  

β     
  

 
        

     

 
                                                                                                              

(4.1) 

    
    

  √     
                                                                                                                                           

(4.2) 

  
   

  
                                                                                                                                                      

(4.3) 
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Table 4.1 the structural parameters of FAF- 50. 

Spectrum Peaks of FAF-50 

2 (
o
) 29.95 34.6 38.6 43.95 55.95 

Intensity (a.u.) 2089 1504 1599 1295 964 

(hkl) 1 1 0 1 0 1 0 0 2 0 3 8 3 3 8 

2
o
 I (a.u) D ( nm )  δ (line/cm

2
)X10

11
 SF% 

29.95 2089 23.4 0.001 1.56 0.23% 

 

In addition, the XRD patterns of FAF- 50 which displayed five peaks can be distinguishable 

as follows, the first three peaks are due to the monoclinic structure (a = 4.132 A, b = 4.635 A 

and c = 4.948 A) which is analyzed with the help of TREOR 92 software. Table 4.1 

illustrated the structural parameters of FAF- 50. The second two peaks are assigned to the 

minor phase Fe3O4. In general, Fe3O4 is not present in the material during the evaporation 

cycle it is gained after the samples were exposed to air. 

Table 4.2 the ionic radius and the bond length of elements used in Fe2Se3. 

Ion Ionic radius (A) Atom Bond length (A) 

Al
+3

 0.56 Fe-Se 2.44 

Fe
+3

 0.69 Fe-O 1.9 

O
-2

 1.4 Se-Se 2.77 

Se
-2

 1.98 Fe-Fe 2.76 
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4.2 Optical Properties 

 

The optical properties of Fe2Se3 are studied by the measurements of transmittance (T) and 

reflectance (R) spectra at room temperature, in the incident wavelength range of 200-1100 

nm. T and R spectra are shown in figure 4.2. The transmittance of FAF-0 samples starts 

increasing at 320 nm and reaches to a maximum transmittance of 60% at 628 nm then slowly 

decreases until λ = 840 nm is reached. It then, slightly increases in the remaining range. In 

contrast, the transmittance of FAF-50 samples starts responding to light at 520 nm and 

reaches the maximum transmittance of 16% at 860 nm. Thereafter, it continuously decreases 

in the remaining range of spectra. 

 

 Figure 4.2 The optical a) transmittance and b) reflectance for iron Selenide thin films 

sandwiched with 50 nm Al slabs. 
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The reflectance of FAF-0 samples increases in the range of 200-362 nm. It, then, decreases 

reaching a local minimum of reflectance at 538 nm. It re-increases in the range of 538-720 

nm. Above 720 nm it tends to remain constant until the end of the range. For FAF-50 sample, 

the reflectance increases in the range of 200-570 nm and reaches a local maximum of 13% at 

570 nm. Then, R decreases until it reaches a local minimum reflectance of 3% at 780 nm and 

finally re-increases in the remaining range.  These changes in the T and R spectra indicate the 

function of Aluminum nanosheets in improving the nonlinear optical performance of the iron 

selenide. Moreover, the calculation of the absorption coefficient ( ) using the following 

equation [20 

]. 

    (        )(    )(     )(      )   (   )                                                 (   )  

Allow determining the spectra shown in figure 4.3. To visualize the effect of aluminum 

nanosheets on the absorption coefficient we need to split the range of incident photon energy 

into four regions for FAF-0 and five regions for FAF-50 samples. These regions are shown in 

figure 4.3. 
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Figure 4.3 The absorption coefficient versus incident energy photon 

 for FAF-0 and FAF-50 films. 

 

For the FAF-0 sample, the absorption coefficient sharply decreases in the range above 3.7 eV, 

then continue decreasing with slower tend of variation in the second region. In the third region, 

α-spectra tends to remain constant. In the fourth region, while FAF-0 samples display a 

constant value of α, FAF-50 samples show an increasing trend of variation with decreasing 

incident photon energy. The invariant and non-zero values of the absorption coefficient are 

assigned to the existence of interband transitions [61]. In cases where the absorption coefficient 

increases with decreases photon energy, free carrier absorption mechanisms work. The free 

carrier absorption in the infrared range of light dominates as a result of lattice vibrations [62]. 

Free carrier absorption happens when electron inside the same band transitions with the 

assistance of phonon energy. The electron-hole pairs are not generated, and free-carrier 

absorption might be significant when the energies of photons are comparable to near the 

bandgap value.  A carrier (electron or hole) excited when a photon is incident on a 

semiconductor. This free carrier is promoted to higher state in its own band. Then the electron 

or hole relaxes back down to its equilibrium position in the band through interaction with 

phonon (lattice vibrations) and with other carriers as well [62].  

 In all studied ranges of incident photon energy, the absorption coefficient value increased as a 

result of sandwiching of Aluminum nanosheets. In order to observe the effects of Al nanosheets 

on the energy band gap, Tauc's equation was employed [63]. 

(  )        (      )                                                                                                                   

(4.5) 

Where A is a parameter that depends on the transition probability, Eg is the energy bandgap of 

the material and p takes the value of 1/2, 3/2, 2, and 3 for direct allowed, direct forbidden, 
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indirect allowed, and indirect forbidden transition, respectively. The plot of (αE) 
1/2

, (αE)
1/3

, 

(αE)
2
 and (αE)

2/3
 as a function of E were checked. The plot of (αE)

2
 versus E presents the most 

appropriate linear fitting of the equation 4.5. The fitting of the absorption coefficient spectra in 

accordance with Tauc’s relation for direct and indirect allowed transition has shown that both 

the FAF-0 and FAF-50 samples exhibit an electronic transition within a direct allowed 

transition energy gap. The intercepts of the best plots lead to the determination of band gaps. 

The (αE)
2 

– E variations are shown in figure 4.4. The absorption coefficient of FAF-0 and FAF-

50 samples which are illustrated in figure 4.3 reveal that two energy band gaps are dominant in 

the high absorption region.  

 

Figure 4.4 a, b Plots of (αE)
2
 versus E for FAF-0 and FAF-50 samples in a different range of 

incident photon energy 

Table 4.3 the energy band gaps for two samples (FAF-0 and FAF-50) in different regions of 

high absorption. 
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  FAF-0 FAF-50 

Eg1(eV) 3.65 3.60 

Eg2(eV) 2.48 1.85 

 

  

The shrinkage in the energy band gap as a result of interest is assigned to the orbital 

overlapping. The electronic configuration of Fe, Se and Al are 3d
6
4s

2
, 3d

10
4s

2
4p

4
 and 3s

2
3p

1
, 

respectively, such overlapping is easily possible because the unfilled orbitals of one atom 

should overlap with orbitals of another atom at the same energy states. From table 4.3, the 

energy bandgaps values decrease due to the insertion Al nanosheets. The large range of 

narrowing in the energy loud gap value that resulted from Al nanosheets is attributed to 

preferred bonding mechanisms of Al with Fe at the Al/Fe2Se3 interface, a large number of 

valance electrons are observed to reduce the energy bandgap [67]. The ionic radius of Al, Se 

and Fe are shown in table 4.2. The ionic radius of Al is less than the ionic radius of Fe 

indicating that Al can occupy vacant sites of Fe. In this case, Al-Se bonds are formed. Then Al 

can create strong bonds at the Al/ Fe2Se3 interface. The effect of Al nanosheets on the optical 

performance of Fe2Se3 is more visible when absorption coefficient ratios (called light 

absorbability) are calculated [68]. 

     
       
      

                                                                                                                                 

(4.6) 

The    spectra are shown in figure 4.5. Values of     are always greater than 1. The ratio 

increases with decreasing incident photon energy until reaching a value of 3.45 at 1.13 eV. For 

incident wave length larger than 1.46 eV, the ratio increases with increasing incident photon 

energy until reaching    = 4.0 at 2.18 eV (maximum point of light absorbability). The insertion 
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of Aluminum nanosheets made a noticeable enhancement in the light absorbability of Fe2Se3 

thin films and it makes material suitable for use in the optoelectronic applications which need a 

high absorption rate.  

 

Figure 4.5 The optical absorbability spectra. 

 

The energy band gap of Fe2Se3 film is much greater than that previously observed as 1.2 eV 

[69] and close to the value 2.75 eV for FeSe film [70]. The difference in the value is assigned 

to the growth mechanisms and to the compositional stoichiometry as well.  
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4.3 Electrical Properties 

 

The current (I) voltage (V) characteristic curves which is shown in figure 4.6 (a) and (b) for 

FAF-0 and FAF-50 revealed the Ohmic nature of the aluminum contacts to the iron selenide 

thin films Fe2Se3. The I-V curves exhibit a linear relationship. The electrical conductivity 

which is calculated from the slope of the curve is found to be at 300 K is          (   )   

for FAF-0 and           (   )   for FAF-50. 

 

Figure 4.6 I-V characteristics curves for (a) FAF-0 and (b) FAF-50 samples.   
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The electrical conductivity (ζ) measurement on amorphous Fe2Se3 thin films was studied in 

the temperature range 100-350 K. the temperature dependence of electrical conductivity in 

figure 4.7 (a) and (b). 

 

Figure 4.7 The temperature dependence of electrical conductivity for (a) FAF-0 and (b) FAF-

50 samples. 

As can be seen from figure 4.7 (a) and (b), the conductivity sharply decreases with decreasing 

temperature, when temperature become lower than 125 k, the conductivity invariant or 

weakly varying. The electrical conductivities are weakly varying with increasing temperature 

in the region (100 – 125) K. The slow variation of the electrical conductivity with 

temperature can be noted from the linear plot of the (           ), which is shown in figure 

4.8, this case is most probably related to the variable range hopping mechanism (VRH) [64-

66]. The expression for the electrical conductivity at a temperature less than 125 K given by 
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          ( 
  

 
)                                                                                                               (4.7) 

Where, 

      
       (  )                                                                                                           (4.8) 

 

and the degree of disorder [64-66], 

   
   

   (  )
                                                                                                                          (4.9) 

Here,   is the hopping distance,     is the phonon frequency,  (  ) is the density of 

localized state near Fermi level,   is a dimensionless constant,   is a localization length of   ̇ 

and   is the inverse of localization length ( ). The average hopping energy ( ) and the 

average hopping distance( ) at100K, are evaluated by the following equations [64-66]. 

  (
 

       (  )
)
   

                                                                                                            

(4.10) 

and  

  
 

     (  )
                                                                                                                       

(4.11) 

To check the validity of VRH transport mechanisms we must satisfy the conditions stated by 

Mott and Mitra [64-66] as      (    –    ) for amorphous structure,       , 

 and        . From eq. 4.7 the slope of the solid line which is shown in figure 4.8 (a) equal 

to (T0)
1/4

and by applying eq. 4.6 and 4.7, discloses the hopping parameter that shows in Table 

4.4. 

Table 4.4 The hopping parameters. 

ξ(
0
 A) T0(k) N(EF) (cm

-1
eV

-1
) R(

0
 A) W(eV) γR 

5.00 1.32x10
5 

1.27x10
22 

11.3
 

0.013 2.26 

 

From Table 4.4 we note that the conditions of VRH were achieved, indicating that the 

dominant current conduction mechanism is by hopping. The hopping transport mechanisms 
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dominate at the region between 100 - 125 K. on the other hand, figure 4.8 (b) reveal line 

slope similar to that of (a). however, the calculated hopping parameter indicated that  (  )  

           ,      
   and     . These values means that the variable range hopping 

mechanisms is not dominant in the FAF-50 samples. 

 

Figure 4.8 Variations of ln(ζ) – T
-1/4

 in the low-temperature region for (a) FAF-0 and (b) 

FAF-50 samples. 

 

Above 125 k, the electrical conductivity follows a sharper increase in the temperature range 

of 125-350 K, and the expression for ζ at a temperature higher than 125 K given by [43]  

ζ = ζ0exp-( 
   

  
)                                                                                                                     

(4.12) 

 where ζ0 and  ζ are the pre-exponential factors and conductivity activation energies, 

respectively. In that region of temperature, the domination of electrical conduction 

mechanisms is by thermal excitations of charge carriers. As calculated from figure 4.9, the 

conductivity activation energy ( ζ) for FAF-0 sample above 300K is found to be 170 meV. 
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The value of conductivity activation energy ( ζ) decreases to 60 meV and 17 meV in the 

regions 220 - 300 K and 125 - 220 K, respectively. On the other hand, the conductivity 

activation energy for FAF-50 samples above 220 k is calculated to be 13 meV. In the lower 

region of temperature, the samples snowed a degenerate type of semiconductors. 
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Figure 4.9.a, b, c Variations of ln(ζ) – 1000/T for FAF-0 samples in the temperature 

range (a) (300-350) (b) (220-300) and (c) (125-220). (d) show the ln () – T
-1

 variation for 

FAF-50 samples in the temperature range of 350-220 k. 

 

 

4.4 Dielectric Properties 

 

The previous studied T, R and α spectra are employed to determine the dielectric dispersion 

in FAF-0 and FAF-50 samples for this purpose Fresnel's equations were employed. The real 

(  ) and imaginary parts (   ) of dielectric spectra are evaluated by the following equations 

[49]. 

    ( )
   ( )                                                                                                                           (    ) 

      ( ) ( )                                                                                                                              (    ) 

 Where  ( ) is refractive index,  ( ) is the extinction coefficient. The    and     are shown 

in figure 4.10. 
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Figure 4.10 a, b The real   and imaginary     parts of dielectric constant. 

  

The real part of dielectric constant εr for FAF-0 samples is slowly fluctuating with increasing 

incident photon energy between 1.0 - 1.7 eV after that sharply decreases until the incident 

photon energy reaches 2.3 eV. It, then slightly increases in the range of 1.7 – 3.5 eV. Slowly 

decreases until the end of range at 4.0 eV. The insertion of Al nanosheets highly influenced 

the dielectric spectra and fast decreasing of    with increasing energy of photon in the range 

of 1.0 – 1.6 eV. In the range of 1.6 – 2.16 eV,    display an increasing trend of variation, 

reaching a maximum at 2.16 eV, where it then starts decreasing again. On the other hand, the 

imaginary part of dielectric constant     of FAF-0 samples starts decreasing with increasing 

incident photon energy until 2.1 eV it reached then slowly increasing until 3.5 eV after that 

sharply increasing until the end of rang at 4 eV. The     for FAF-50 starts with sharply 

decreasing until 1.6 eV then increasing until 2.3 eV after that slowly decreasing until 3.7 eV 

and finally re-increasing until the end of range at 4 eV. In addition, From the figure 4.4.1 a 

contained two peaks at 1.25 eV and 1.75 eV for FAF-0 sample and one peak at 2.2 eV for 
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FAF-50 sample. It is clear from the     – E variations that the insertion of Al nanosheets 

remarkable increased the imaginary part which means that the optical conductivity is 

increased. In general, the increase in optical conductivity upon doping is assigned to the free 

carrier density.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Five 

Conclusion 

 

In this thesis, we have shown that the insertion an Al nanosheets between layers of iron 

selenide alter their physical properties significantly. Namely, the iron selenide thin films 

which exhibit an amorphous nature of structure, convert to poly crystalline phase composed 

of iron selenide with 72% and iron oxide with 28%. In addition, iron selenide thin films are 

observed to exhibit energy band gap narrowing and enhanced a light absorbability upon 

insertion of Al nanosheets. These sheets also induced the free carrier absorption in the IR 

range of light. The activated IR range from light absorption point of view appears to be 
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promising for using iron selenide as IR detectors and other optoelectronic devices. 

Electrically, iron selenide is observed to form ohmic nature of contact with Al and exhibit 

conductivity values suitable for semiconductors. Investigations of the current conduction 

mechanisms have shown that the electrical conductivity is dominated by thermal excitation of 

charge carriers at high temperature and by variable range hopping at low temperatures. The 

calculated hopping parameters provided information about the density of states near fermi 

level and about the variable range hopping distance. The participation of Al nanosheets 

forced degeneracy in Fe2Se3. It is also observed that the Al nanosheets can increases the 

dielectric response of iron selenide in the IR range of light. In the scope of the current study, 

it is advised that iron selenide films are subjected to further analysis like oxidation state 

establishment and measurement of impedance spectra in the microwave range.     
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الحدٌد ٌدانلسل الأغشٍة الرقٍقة شخٍصتتطوٌر و   

النانوٌة الألمنٍوم صفائح على تحتوي التً   

 الملخص

 

يُكشويخش بىاسطت حقُُت انخبخُش  5.0انحذَذ بسًك  سهُاَذ يٍ اغشُت سقُقتحى ححضُش  الاطشوحتفٍ هزِ 

  هىاء َعادلححج ضغظ شسُب يادة سهُاَذ انحذَذ انضجاج كقاعذة نخ عُُاث يٍ وقذ حى اسخخذاوانحشاسٌ. 

10
-5

َاَىيخش. حشكض الأطشوحت عهً يقاسَت  05بسًك  يع اضافت طفائح الانًُُىو انُاَىَت يهٍ باس

انُاَىَت. طفائح الانًُُىو قبم وبعذ إدخال نلأغشُت انشقُقت وانكهشبائُت  وانضىئُت انبُائُتانخىاص 

طفائح  َذ انحذَذ َخُجت يشاسكتاُسهن انشقُقتالأغشُت نىحظج عًهُت انخبهىس انًسخحثت بشكم يهحىظ فٍ 

َذ اُنسهالأغشُت انشقُقت  انً انُاَىَت اضافت طفائح الانًُُىوبالإضافت إنً رنك ، أدي  .انُاَىَت الانًُُىو



47 
 

 

أدي رنك والأشعت ححج انحًشاء. كًا  انًشئٍفٍ َطاقاث انضىء  انضىئٍانحذَذ إنً حعضَض الايخظاص 

 اضافت انًت يٍ انُطاق انًشئٍ إنً َطاق الأشعت ححج انحًشاء نهضىء. فجىاث  انطاق انً اَحشاف

َكًاش فٍ فجىة انطاقت يع صَادة يهحىظت فٍ انخىطُم انكهشبائٍ فٍ دسجت حشاسة انغشفت. أظهشث ا

كهفٍ  005-055فٍ َطاق دسجت انحشاسة يٍ  انًعخًذة عهً دسجت انحشاسة ًىطهُت انكهشبائُتدساساث ان

حهًٍُ عهُها الإثاسة انحشاسَت نحايم انشحُت فٍ َطاق دسجاث انحشاسة انًشحفعت  هشبائُتانك أٌ انًىطهُت

، أدي إنً  َتانُاَى الانًُُىو حشاسة يُخفضت. إدخال طفائحانوانًذي انًخغُش نخىطُم انخُقم فٍ دسجاث 

َذ اُسهعُُاث عهً  فظهشث خظائض أشباِ انًىطلاث طاقت حُشُظ انًىطهُت كبُش فٍ لاجشاء ححى

انحذَذ. علاوة عهً رنك ، أظهش ححهُم أطُاف انعضل انكهشبائٍ فٍ انًذي انًشئٍ وَطاقاث الأشعت ححج 

 َذ انحذَذ. اُسهَاَىيخش كافُت نخحسٍُ أداء  05 بسًك انُاَىَت طفائح الانًُُىوانحًشاء نهضىء أٌ 


