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Abstract   

We studied in this investigation the changes of the continuous conductivity of the 

electricity (σd.c) due to substituting part of Selenium with Lead in an S60-Se40-X-PbX alloy at 

weight ratios x = 0, 10, 20, and 30. Our investigation includes an examination of σd.c. 

mechanisms in chalcogenide semiconductors and governing the equations of the continuous 

D.C. electrical conductivity, and the application of these measured characteristics of S60-Se40-

X-PbX glasses to assess Lead's impact on extended, local, and Fermi energy state densities. 

Some procedures were applied to the materials, such as mixing, grinding, heating in quartz 

ampoules, placing them in a furnace, and heating them at 360°C. The results showed that 

electrical conduction occurs in three modes (conduction at high temperatures in the extended 

state, conduction at moderate temperatures in the local state, and conduction at low 

temperatures in the variable range hopping (VRH). 

Keywords: D.C conductivity, Density, Fermi states, Tail width, Chalcogenide, Hopping 

distance. 

 

1. Introduction 

The researchers in the electronics field have developed this industry field and also created 

research and experiments; they have improved the effectiveness of the materials used in this 

industry and reduced the cost and the size of the products (1). Researchers also focus on 

analyzing the material properties of amorphous and random materials and using them as 

alternatives to crystalline materials, as they can be produced by introducing certain impurities 

and improving their electrical conductivity. Chalcogenides are currently considered materials 

of interest due to their many technological applications (for example, solar cells, energy 

applications, light emission applications, and high-frequency amplifiers) (2, 3). Research has 

revealed that compounds containing lead, lithium, and bismuth can change the conductivity 

of molten glass and can also convert the cation type from N to P type in chalcogen 

semiconductor materials (4).  

Chalcogenides were originally advanced for testing and applications in semiconductor 

devices as early as the 1950s. The chalcogenide semiconductor science displays a wide 
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soluble ingot spectrum and a wider band gap device that approaches the ideal energy band 

gap. Controlling the proportion of (Tellurium, Selenium, and Sulfur) allows you to tailor the 

electronic characteristics of these alloys. The chalcogenide semiconducting ingots are 

favorable nominees due to the small band gap (1.0–1.6 eV) and increased solar spectrum 

extinction factor in the visible region. An electron undergoes numerous transitions in the 

extended and localized state of an amorphous semiconductor, Movement caused by diffusion 

and drift in D.C. electric fields, and absorption-emission (5). The objective of this study is to 

produce an alloy called S60-Se40-X-PbX with varying concentrations of Pb (0, 10, 20, and 

30) using the solid-state reaction method. 

The D.C electrical conductivity changes in the ternary chalcogenide alloy S60-Se40-X-PbX, 

resulting from the partial replacement of selenium with lead at different weight ratios (x = 0, 

10, 20, and 30) were studied. The conduction mechanisms in the semiconductor were 

explored and the equations controlling the electrical conductivity were applied. These results 

were used to determine the effect of adding lead to the chalcogenide alloy and its change in 

the properties of the density in the three states of energy of the alloy (extended, local, and 

Fermi level). 

 

2. Materials and Methods 

2.1. The Theory part 

Temperature-dependent electrical conductivity is one of the tools used to investigate the 

conduction mechanisms in various materials. Moti and Davis controlled the conduction of 

electronic semiconductors with an amorphous state by three mechanisms: conduction at high 

temperatures in extended states, conduction at moderate temperatures in localized states, and 

conduction at low temperatures by hopping in a variable range. They found that the analysis 

of electronic transport data affects the distribution of energy state densities (6). At low 

temperatures, conductivity between the localized energy states near the Fermi level involves 

either an electron or a hole. through the local energy state levels at the energy band tails with 

moderate temperatures, the conductivity will be facilitated, where charge transfer occurs 

through hops between these local levels. Conversely, at high temperatures, electrical 

conductivity primarily takes place between extended energy state levels. The mobility within 

the extended state surpasses that of the local state, making high-temperature conductive 

measurements preferable (7). This discussion will explore the detailed equations describing 

the three types of DC conductivity in the extended, localized, and Fermi levels. In these 

regions, these equations will assist in calculating the width of these bands and determining 

their density of states. The D.C conductivity can be represented in chalcogenide with the 

following equation (8): 

      
  

  
  

      
  

  
  

      
  

  
  

 
                                                                                 (1) 

Below are the equations for electron conduction; however, analogous equations for hole 

conduction can be formulated. These three terms correspond to distinct conduction 

mechanisms and will be addressed individually. 

2.2. The region of elevated temperatures 

In the beginning section, the main process entails band conduction via extended states. This 

domain is denoted by the initial component in the first equation (9).  The extended states are 

preferred by the carriers of charge, resulting in an activation energy E1 by EF – EV. 

      
  

  
  

 
                                                                                                                                     (2) 

 01 is the factor of pre-exponential, 𝐸c-Ef is the energy of activation (eV), while T denotes the 

temperature in Kelvin. By applying the logarithm to both sides: 
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                                                                                                                   (3) 

Hence, the gap of energy will be ascertained by the subsequent equation once the slope value 

has been computed (9): 

𝐸   𝐸  𝐸   
   

   
                                                                                                            (4) 

      𝐸                                                                                                                        (5) 

U denotes the charge displacement, and the density at the extended state is represented by 

N(Ec) (9). 

   
  

  
                                                                                                                                    (6) 

Upon substituting the value of U into equation 5, the formula evolves into the subsequent 

equation, with D representing the diffusion coefficient. 

       𝐸                                                                                                                          (7) 

Once D's value is factored into equation 7, where we got it from D equals 1/6 Ve a2, it adopts 

the subsequent formula (9): 

        
 

 
         𝐸                                                                                                          (8) 

The distance between interatomic is        
  

   
 , the frequency of electrons can be 

described by the equation      
 

   
   

  𝐸      
  

   
                                                                                                                    (9) 

The black arrow in Figure (1) symbolizes the excitation process. It will be elaborated upon 

later that the energy gap is temperature-dependent. Therefore, the activated energy denoted 

by σ requires adjustment through temperature correction. 

 

 
Figure 1. Illustrates a comparison between two scenarios: extended conduction entails the elevation of an 

electron into the band of conduction followed by movement of the variable range near the edge level bands. 

 

2.3. The conduction by hopping via the states of localized 

This operational mode, manifesting at reduced temperatures, is coined as local state 

conduction. Within this context, through tunneling in unoccupied levels of neighboring 

centers, the conductivity stems. It encompasses the migration of the carriers of electron or 

hole charges towards the band's periphery and its local states, succeeded by a hopping 

mechanism. The energy of activation for this conductivity will be denoted by E2=EF – EB + 

w1, and the energy of activation will be represented by w1 and is crucial for transitions 

between local states (10):  
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                                                                                                             (10) 

     
 

 
          𝐸                                                                                                        (11) 

Where the frequency of phonon is represented by Vph and the hopping distance is represented 

by R and it is between any two localized states. 

  𝐸      
 

                                                                                                                   (12) 

So,          
     

          
                                                                                                  (13) 

E1-E2=∆E represents the width of tail- energy is illustrated in Figure (1), where the optical 

absorption coefficient is represented by α
-1

 and its value 10
-7

 cm. The red arrow in Figure (1) 

depicts the excitation process. (11-13). 

2.4. The conduction by hopping via the states of localized 

As outlined below, the third mechanism of conduction, prominent at extremely low 

temperatures, is known as VRH. This mode entails conduction by charge carriers within 

defects close to Ef by tunnel assisted hopping (12): 

      
  

 

 
 
 

 

                                                                                                                        (14) 

According to Mott and Davis's analysis of the hopping by the variable range, conductivity 

transitions into a near-perfect conduction mechanism. Close to the level of Fermi and when 

the defects are positioned at this level, the conductivity by (VRH) is defined by equation (3) 

and with   the following equation that represents the B exponential term (14): 

    
  

       
 

 

                                                                                                                      (15) 

  𝐸   
    

    
                                                                                                                        (16) 

     
 

 
          𝐸                                                                                                         (17) 

   
 

              
  

 

                                                                                                           (18) 

The density of states close to the Fermi level is N(EF), while the localization length of the gap 

states is α
-1

 and is assumed to be (10-7) cm. 𝑘B refers to the Boltzmann constant in electron-

volts/K at temperature T which is calculated at the hopping. B was calculated to provide 

measurements that enable us to approximate the density of defects inside the gap. (selected as 

80 K for these computations). Consequently, the activation energy W necessary for electron 

traversal near the Fermi level at low temperatures is derived from: 

  
 

          
                                                                                                                      (19) 

Defects situated near the midpoint of the gap, like dangling bonds, serve as the source of 

carriers in Variable Range Hopping (VRH). Thus, through this method, we can observe what 

happens in crystalline semiconductors. As for the case of electrical conduction in non-

crystalline semiconductors, the researchers proposed three processes for electrical conduction 

according to the temperature range that is imposed on random semiconductors. The first 

region is at high temperatures, in which conduction occurs due to the extended energy state 

levels, while in the second region, the temperature is moderate and thus facilitates the process 

of electrical conduction through the local energy state levels and at their edges. As for the last 

region, in which the temperature is low, electrical conduction occurs through the jumping of 

electrons or their transfer between the objective energy states and near the Fermi level (13). 

2.5. Experimental part 

High-purity S, Se, and Pb (99.9%) were obtained for this purpose from BDH Chemical Ltd, 

Poole, England. To measure proper weights, we used a sensitive electronic balance. When 
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using the sensitive electronic balance in the laboratory, it should be cleaned from the inside 

and outside. It is preferable to use the same balance throughout the preparation of the samples 

to avoid errors. This type of scale can determine the weights with high accuracy. The alloy 

elements were weighed on this sensitive scale based on the atomic weight ratio.  

These chemical components were then ground in an electric grinder for 30 minutes. Next, the 

fine powder was compressed to form samples with a diameter of 1.5 cm by applying a load of 

approximately 5 tons using a hydraulic compact (hydraulic uniaxial press), and forming 

samples with a thickness of 0.3 cm. To prevent the reactions at higher temperatures between 

the sample components and oxygen, we used quartz ampoules and placed the samples in 

there, evacuated and heated them in a furnace at a rate of 5 K/min until they reached a 

temperature of 360°C with sealed them under a vacuum of 10-3, non-vacuum electric 

Carbonite furnace, at the furnace is an electrical device with thermal insulation temperature 

controlled by a thermal regulator and is used for the process of drying, heating, sintering and 

calcification, temperature range ranging from (25-1100) °C. The temperature was maintained 

at 360°C for three hours.  

Then the resulting vitreous material was crushed, and then it was removed from the quartz 

ampoules. then the molten sample was further crushed using a slurry for thirty minutes, 

followed by crushing with a hydraulic press to five tons to create disc-shaped samples. The 

following chemical formulas represent these samples: S60-Se40 for x = 0, S60-Se30-Pb10 for 

x = 10, S60-Se20-Pb20 for x = 20, and S60-Se10-Pb30 for x = 30. As a function of the 

temperature, we calculate the parameters of electrical current and voltage, and then the DC 

electrical conductivity of these samples. 

 

3. Results and Discussion 

The σd.c was assessed at various temperatures. The relationship in Figure (2), between σd.c 

and temperature are illustrated for the S60-Se40-X-PbX glass systems (x = 0, 10, 20, and 30). It 

is noticeable from these graphs that each curve (for each x value) exhibits three distinct 

regions. based on the slope of each four curves and their three regions respectively, the 

activation of energy was determined, as detailed in Table (1). 

 

 
Figure 2. Illustrates the conductivity (σdc) with respect to temperature for the S60-Se40-X-PbX glass compositions 

varying x (0, 10, 20, and 30). 
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Table 1. Displays the composition-dependent activation energies and σ0 for three different states of regents in 

S60-Se40-X-PbX glasses, varying the Pb content. 

X E1(ev)  ext E2 (ev)  0loc B(ev)  0F 

0 0.992850483 0.087813788 0.898478715 0.085304823 0.981946487 0.039808917 

10 0.134716464 0.036860109 0.118627281 0.038774919 0.106029803 0.030780091 

20 0.123805895 0.048155948 0.12002239 0.03732086 0.120307103 0.019262379 

30 0.733268895 0.165870488 0.729002952 0.135712218 0.623225927 0.129249731 

 

To calculate the density of energy states we will determine the pre-exponential factor σo 

within these states. By plotting between DC conductivity and temperature, σo in these states' 

areas will be computed by assessing the range of these curves and their y-intercepts when the 

x-axis equals zero, according to equation 3. The values of σo have been computed and are 

presented in Table (1). Utilizing the results derived from the continuous electrical 

conductivity versus temperature analysis in Table (1), The density of energy states will be 

calculated theoretically by applying the equations in the three regions (local, extended, and 

Fermi). 

3.1. Density of states in the extended state 

Table (2) shows and according to the Mott and Davis method, the density related to the 

valence of extended states N(Ev) and conduction N(Ec) bands and that calculated by applying 

equation (9). Figure (3) shows the lead concentration and its relationship with the energy 

density in the extended states, which decreases with increasing the lead concentration due to 

the activation energy and the changes that occur in it, which are attributed to moving the 

Fermi level up or down or the change in width of these tails or in value of the gap mobility or 

in the concentration of carriers or the conversion in the conduction type n and p. Therefore, 

these reasons can affect the energy density in the three regions (16-20). 

 

Table 2. Demonstrates the relationship between energy density in the three regions, R, (∆E), as a function of the 

concentration of Pb in S60-Se40-X-PbX. 

X The width of 

tail ∆E (ev) 

R(A
0
) a (A

0
) N (Eext) 

(ev
-1

cm
-3

) 

N (Eloc) 

(ev
-1

cm
-3

 

N (EF) 

(ev
-1

cm
-3

) 

0 0.094371768 2.492879285 1.151555396 4.53333E+24 3.21723E+21 9.85E+18 

10 0.016089183 1.59901039 2.743411385 1.90288E+24 2.29462E+37 1.27E+17 

20 0.003783505 0.429626116 2.099895134 2.48602E+24 5.20569E+37 2.04E+17 

30 0.004265942 0.098048932 6.096469743 8.56296E+24 3.3086E+38 3.03E+18 

 

 
Figure 3. Extended states density in relation to the concentration of Pb for S60-Se40-X-PbX glasses with varying x 

values (0, 10, 20, and 30). 
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Using the equation a = 0.026 [e2/ σo], interatomic distance (a) is calculated and the 

relationship between the Pb concentration and the interatomic distance (a) will be represented 

in Figure (4), which shows the direct relationship between them. 

 

 
Figure 4. The distance of interatomic (a) in relation to the Pb concentration for S60-Se40-X-PbX glasses with 

varying x values (0, 10, 20, and 30). 

 

3.2. Density of states in the localized state 

In Table (1), The results of the hopping distances of the localized charge carriers R were 

included after calculating them using equation (13). The results showed the inverse 

relationship between the lead concentration and the hopping distance, as the growing of the 

distance of hopping leads to a growth in the localized states density in the band of valence tail 

regions and the band  

 of conduction tail regions, where the hopping distance is expressed as the distance between 

two successive states of the localization levels that the carriers cross. The relationship 

between the lead concentration and the hopping distance will be shown in Figure (5), which 

shows an increase in the R values with Pb concentration. 

 

 
Figure 5. The hopping distance in relation to the concentration of lead. 

 

The follow equation ∆E = E1-E2 represent the relationship between the lead concentration and 

the width of the tail of energy, as shown in Figure (6), which shows a decrease in the tail 

width ∆E values with an increase in the concentration of the lead x, and then a slight increase 

in the tail is observed when the lead concentration x is 30. 



IHJPAS. 2025, 38(3) 

165 
 

 

 
Figure 6. The lead concentration in relation to energy tail width. 

 

The results of the density of the localized states energy N(Eloc) were listed in Table (2), 

which were calculated by calculating the hopping distance between electrons, which is 

denoted by R, as well as by calculating the width of the energy tail by the equation ∆E = E1-

E2 and substituting these values with the values of the photon frequency Vph and the values of 

the pre-exponential factor  0loc in equation 12. This table, which is represented in Figure (7), 

shows that with the increase in the percentage and concentration of lead in the samples, the 

density of these states increases, which was interpreted on the basis that the introduction of 

Pb leads to narrow tails and thus reduces the crystal structure randomness of the S60-Se40-X-

PbX compound and then lead to an increase in the state density at this region. 

 

 
Figure 7. depicts the N(Eloc) in relation to the concentration of Pb for S60-Se40-X-PbX glasses with varying x 

values (0, 10, 20, and 30). 

 

3.3. The Density in the Fermi level states 

Table (2) shows at the Fermi level, the localized state density N(EF), calculated using 

equations 16 or 17 with specific parameters, and Figure (8) shows the N(EF) relationship 

with the lead concentration and that it indicates a decrease in N(EF) with increasing lead 

concentration. 

 



IHJPAS. 2025, 38(3) 

166 
 

 
Figure 8. The N(EF) variation with the concentration of Pb for S60-Se40-X-PbX glasses with varying x values (0, 

10, 20, and 30). 

 

Within the extended region, the increased electronic state density implies that lead 

contributes to the creation of new electronic states, particularly in the conduction band, which 

is crucial for improving conductivity. This addition affects both extended and localized states, 

as well as the Fermi levels, across low, medium, and high temperatures (21-24). Within the 

localized region and in specific circumstances at moderate temperatures, augmenting the 

proportion of lead or substituting it in the S60-Se40-X-PbX samples has led to an increase in the 

state density, this increase leads to narrow tails and thus reduces the crystal structure 

randomness of the S60-Se40-X-PbX compound (25-27). Shifting in the Fermi level can occur 

when an increase in the ratio of the lead in the samples then affects the structure of the 

material in a way that reduces the density of states at the Fermi level and also modifies the 

alignment of energy levels within the material redistributing the states and reducing the 

density of states at the Fermi level (28-30). 

 

4. Conclusion 

     Chalcogenides, which include elements from the chalcogen group (such as sulfur, 

selenium, and tellurium), exhibit unique electrical and optical properties that vary with their 

composition. The addition of lead can enhance the density of states in the energy band, 

potentially improving conductivity in certain regions while simultaneously reducing disorder 

and enhancing structural organization within the crystal lattice. At the (extended, local, and 

Fermi level) regions, the conductivity of D.C electrical changes in the chalcogenide alloy S60-

Se40-X-PbX were studied by partial replacement of selenium with lead at variable ratios of X 

(0, 10, 20, and 30). The conduction mechanisms and their equations were explored and the 

electrical results of the conductivity and its effect on the energy density of these three 

regions.  

Electrical assessments unveiled three mechanisms of conduction: extended state at high 

temperatures, local state at moderate temperatures, and (VRH) at low temperatures. The 

inclusion of Pb influenced a reduction in the density of Fermi states, the width of the energy 

tail ∆E, and the hopping distance between states (R). Pb additives contributed to an increase 

in the state's densities of extended and local regions, as well as the distance of interatomic. 

Within the localized region, the addition or substitution of lead in the S60-Se40-X-PbX 

compound led to a decrease in state density, resulting in narrower tails and a subsequent 

reduction in disorder within the crystal structure. The presence of lead could interact with or 

suppress specific localized states in the material, thereby decreasing the state density 
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associated with these particular energy levels. The introduction of lead might shift the Fermi 

level or influence the material's band structure, ultimately reducing the stats of the Fermi 

level density. Practical applications of these chalcogenide alloys include their use in solar 

cells, where improved conductivity can lead to increased energy conversion efficiency, and in 

sensor technology, where their electrical properties can be tuned for specific environmental 

detections. 
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