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Abstract. This study involved preparing five samples of the alloy S70Se30-xPbx with varying lead concentrations (x = 0, 5, 10, 15) 

using the melting point method, which involved partial replacement of selenium with lead. The electrical properties of the five 

samples were studied according to the replacement percentage. The electrical conductivity analysis revealed changes in the 

electrical properties of all samples due to the rearrangement of the amorphous material structure, and three different conduction 

mechanisms were identified. At low temperatures, electron mobility was achieved by hopping between local states close to the 

Fermi energy. At medium temperatures, conduction occurred by transferring electrons between local levels within the conduction 

and valence bands. At high temperatures, electrons were transferred through extended levels within these two bands. The results 

showed that the calculated densities of states for localized, extended, and near-Fermi states change with the lead concentration. 
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INTRODUCTION 

     Amorphous chalcogenide semiconductors have been widely studied and often exhibit typical P-type behavior 

characteristics, largely due to the abundance of localized states near the Fermi energy and within the energy gap, 

where the Fermi level is effectively stabilized by the abundance of localized states [1-3]. These materials become 

more amenable to technological applications when metal additives or partial replacement of their chemical 

components are added [4], which enhances their conductivity and significantly reduces the activation energy required 

for conduction [5]. According to the Mott-Davies model, the valence requirements of Chalcogenides are usually met 

for all elements [6]. This model explains the subtle changes in electrical and optical behavior in doped and undoped 

chalcogenides. Studies have shown that the introduction of some chemical elements, such as Bismuth, can 

significantly enhance the conductivity of P-type, increasing it by more than 7% compared to N-type materials [7]. On 

the other hand, the addition of elements such as indium, antimony, or tin generally results in the formation of P-type 

compounds [8, 9]. Since all impurities are electrically active, the concentration of impurities is a crucial factor in 

determining their effect [10, 11]. Therefore, understanding the effect of impurities on the properties of chalcogen 

glasses is essential for both theoretical and applied research [12, 13]. Experimental evidence indicates that the 

introduction of impurities into binary systems such as Se-Te-Sn or Ge-Te-Sb significantly alters the electrical 

properties of chalcogen glasses [14]. In addition, the glass composition, impurity chemistry, and doping methods have 

a significant impact on the behavior of the material [15]. For example, Aqeel N. Abdul Latif et al. studied the effect 

of indium on the density of local, extended, and Fermi-level states, revealing a change in the density of extended, 

local, and Fermi-level states upon increasing indium concentrations for the Se85Te10Sn5-xInx alloy to include 

changes in activation energy, tail width, and interstate distance, as well as an increase in the density of extended, local, 

and Fermi-level states [14]. When the Ge30Te70-xSbx alloy was partially replaced, the density of local and extended 

states and at the Fermi level were examined and it was found that all energy states including activation energy, tail 

width, interatomic distances and transition distance were changed [15]. Researchers [10-13] focused on studying the 

electrical properties of Se6Te4-xSbx and Se6Te4-xSnx alloys by partially replacing tellurium with antimony, and the 

energy density of several energy states was calculated, including the electronic hopping distance, Fermi level, locality, 

and tail width. They concluded that the density of energy states increases with the change in the concentration of the 

substituted elements. One of the distinctive properties of amorphous chalcogen semiconductors is their sensitivity to 

Auto-generated PDF by ReView Technologies and Materials for Renewable Energy, Environment Sustainability

005JASIMTMREES25FR.docxMainDocument AIPP Review Copy Only 2



 

 

external influences, especially ionizing radiation with medium energy exceeding 1 MeV [16, 17]. In this study, the 

alloy S70Se30-XPbX will be prepared with the ratios x = (0, 5, 10, 15) using the melting point method and studying the 

effect of partial replacement of selenium with lead on the electrical properties and density of states within the energy 

gap and in the conduction and valence bands. 

MATERIALS AND METHODS 

     Five samples of the alloy S70Se30-xPbx were prepared with the ratios x = (0, 5, 10, 15) and partial replacement of 

selenium with lead using the melting point method according to the following procedures: 

70 S + (30-x) Se+ x Pb = Se70Se30-x-Pbx                                                               (1) 

    The alloys were prepared from their constituent elements (sulfur (S), selenium (Se) and lead (Pb)) with high purity 

(99.999%). The elements that make up the alloy were weighed according to the specified weight ratio. The alloys 

were prepared by partial replacement of selenium with lead in specific proportions, namely X (0, 5, 10, 15). The 

components of the above-mentioned chemical compounds were mixed and crushed, and each compound was placed 

in a plastic container. To avoid any reactions between the alloy elements and oxygen at high temperatures, each sample 

was placed in quartz tubes and closed after being evacuated using a vacuum to remove the air from inside them until 

the pressure reached 10-3 Pa. After that, the vacuum capsules were placed in the electric oven at 350 degrees Celsius, 

and the oven temperature was gradually increased by 10 degrees Celsius every minute, and the samples were kept for 

3 hours. After that, the electric oven was turned off and the capsules were left inside the oven to cool slowly and 

gradually for 24 hours. After that, the capsules were extracted from the electric oven and the glass tubes were broken 

on waxed paper to extract the molten material very carefully and extract the material from each capsule individually. 

After that, the components of each sample were crushed until the samples were ready for pressing using a hydraulic 

press. They were formed into small discs under an approximate force of 7 tons/cm², which led to the production of 

discs with dimensions of 1.5 cm in diameter and 0.4 cm in thickness according to their concentration. Each disc was 

connected in an electrical circuit with two poles attached to a device (digital ohmmeter) that applies a certain voltage 

difference between the two ends of the sample and automatically measures the amount of current passing through the 

sample, and via an electronic screen in the digital ohmmeter, the amount of resistance appears. The samples were 

placed separately in the oven. The effect of electrical resistance was studied with a change in temperature from 24 to 

200 degrees Celsius. 

RESULTS AND DISCUSSION 

    The current-voltage (I-V) characteristics of the S70Se30-xPbx glass alloy were examined within a temperature range 

of 297-473 Kelvin to study changes in the electrical conductivity of direct current. Through these measurements, the 

electrical resistivity and then the conductivity were calculated for all studied samples. The dependence of electrical 

conductivity on temperature was analyzed by comparing the results obtained according to the replacement ratio of the 

samples.  The logarithmic relationship between electrical conductivity and temperature is shown in Figure 1, which 

shows how the electrical conductivity Ln (σ) and 1000/T change. The data show that all samples follow semiconductor 

behavior, where the conductivity increases exponentially with increasing temperature [18, 19]. 

     At low temperatures (297-353 K), charge carriers gain enough energy to transition between localized states near 

the Fermi level. This process takes place at a relatively low activation energy, gradually increasing conductivity [14, 

20]. However, above 353 K, charge carriers become more mobile, allowing conduction to occur via band-tail hopping. 

In the range of 353 K to 423 K, conduction is mainly driven by the variable-range-hopping (VRH) mechanism. At 

high temperatures, between 423 K and 473 K, conduction is dominated by a thermally assisted process. This process 

involves the transition of electrons between extended states in the conduction and valence bands. The observed 

behavior is consistent with the theoretical predictions shown in Eq. 2 [4, 14, 15]. 

σ = σ01e(−
E1
KT

) + σ02e(−
E2
KT

) + σ03e(−
E3
KT

)
                                                               (2) 

      The slopes of the curves were analyzed in three thermal regions, namely low (297–353) K, medium (353–423) K, 

and high (423–473) K, to determine the activation energies (E1, E2, E3) and the pre-exponential factor (𝜎01, 𝜎02, 𝜎03) 

of the S70Se30-xPbx glass alloy. Table 1 shows the calculated values of the pre-exponential factor (σo), which reveal 

important insights into the conduction mechanisms in chalcogen glasses. The curves indicate the existence of five 

separate paths, each characterized by a different slope associated with a specific activation energy. According to 

Equation (1), the slope of the graph of ln σ versus 1000/T can be used to determine the activation energies (E1, E2, 

E3). According to the substitution ratio [21, 22], the equation also allows the calculation of the pre-exponential factors 
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(𝜎01, 𝜎02, 𝜎03) within the three temperature ranges. These factors can be determined from the length of the curves and 

their points of intersection with the axis [23, 24]. The calculated values of these factors are shown in Table 1. 

 
15  and alloy with x = 0, 5, 10, XPbX-30Se70S forThe relationship between Ln (σ) and 1000/T  ,Figure 1 

Table 1 shows the 𝜎 as a function of Lead concentration alloy with x = 0, 5, 10, and 15  

x σo ext σo loc σo fermi 

0 8.53048E-05 4.26524E-05 4.32706E-07 

5 6.63482E-05 4.14676E-05 1.14833E-06 

10 0.000149283 8.41033E-05 7.85702E-07 

15 9.95223E-05 6.22014E-05 4.59334E-07 
 

     The data also indicates a nonlinear relationship between 𝜎 and 1000/T, which arises from multiple defects at grain 

boundaries due to imperfect atomic bonding. These defects lead to the trapping of charge carriers at low temperatures. 

At the same time, the density of states near the Fermi level improves the mobility of carriers at high temperatures by 

reducing the trapping states and potential barriers [24, 25]. Figure (2) shows the relationship between the energy tail 

width values (ΔE = E1- E2) and the partial substitution ratio and according to the Pb substitution [26-28], 

 
Figure 2 shows the relationship between the energy tail width values (ΔE = E1- E2) vs Pb concentration 

    It was noted from Figure 2 that, width of the energy tail (ΔE) changes with the change in the lead concentration. At 

first, when x = 0, the width of the energy tail ΔE is low, then it starts to rise with the increase in the value of x to its 

highest value at x = 5. Then it starts to decrease after that to lower values at 0 x = 1, after that it starts to increase. This 

indicates that the decrease in the width of the tail means a decrease in randomness, i.e., an increase in the crystallization 

state, as this value is considered the ideal state [29]. To calculate the energy state densities in three different regions: 

Auto-generated PDF by ReView Technologies and Materials for Renewable Energy, Environment Sustainability

005JASIMTMREES25FR.docxMainDocument AIPP Review Copy Only 4



 

 

localized N (Eloc), extended N (Eext), and Fermi level N (E F). According to the ratio of substitution of the values of 

the constants (electron charge e, electron mass and values 𝜎01, 𝜎02, 𝜎03) in the equations in references [13, 14] 

mentioned below, the energy state densities in three different regions - local, extended, and Fermi level - were 

calculated. According to the following equations: 

N (Eext) = [
6𝑚 

𝑒2ℏ
] 𝜎oext.                                                                                          

(3) 

N (Eloc) = [
6 

𝑒2. 𝑓phonon .𝑅2] 𝜎0 loc                                                                                                                   (4) 

N (E F) =[
6

𝑒2𝑓𝑝ℎ𝑜𝑛𝑜𝑛 𝑅2]  𝜎o3                                                                               (5) 

Where  ħ = 1.0545 × 10-34 J.s fph is the phonon frequency, which is of order 1013 s-1and R is the hopping distance and 

is , given by 𝑅 = 0.7736[
∆𝐸𝑎−1

𝑁(𝐸𝐶)(𝐾𝑇)2]0.25 and 𝑎−1 = 10 A. 

    The three equations 3, 4, 5 were applied to calculate both the extended and localized state densities and at the Fermi 

level after substituting the constants in the equations. The values calculated from these equations were recorded in 

Table 2. 

 
Table 2 shows the relationship between the density of extended states N(Eext), N(Eloc), N(Efermi) and upon partial substitution of 

selenium by lead 

x 
Tail Width 

∆E (ev) 
R (A0) a (A0) 

N(Eext) N(Eloc) N(EF) 

 (ev-1cm-3)  (ev-1cm-3  (ev-1cm-3) 

0 0.015123519 0.893410845 1.18542 4.40381E+21 1.25243E+21 11182152 

5 0.024352764 1.07167029 1.52412 3.42518E+21 8.46249E+20 225435.559 

10 0.017065306 0.800584198 6.77386 7.70666E+21 3.07546E+21 1028640.016 

15 0.022603374 1.07167029 1.52412 5.13777E+21 1.6137E+21 8806076.525 

 

     Figure 3 and Table 2 show that the density of extended states changes as the lead concentration increases from 0, 

5, 10, and 15, and reaches its highest value at concentration 10, at which it equals 7.70666E+21(ev-1cm-3), and then 

decreases at 15. This is attributed to several factors, such as the change in the mobility gap, the width of the energy 

tails, the concentration of the conductive materials, or a change in the conductive properties [12, 18, 19] . 

 
Figure 3 shows the Density of extended states N(E

ext.
)  as a function of Pb concentration 

    

 Figure 4 shows the relationship between the density of local states and the concentration of lead. It is noted from this 

figure that the density of local states changes with increasing concentration of lead, as it decreases to its lowest value 

at concentration 5, then reaches its highest value at concentration 10 where it equals 3.07546x1021 (ev-1cm-3), and after 
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that the density of local states decreases with increasing concentration of lead. This is attributed to several factors, 

such as changing the conduction gap, the width of the energy tails, the concentration of the conductive material, or a 

change in the properties of the conductor [30] . 

 

 
Figure (4) shows the Density of extended states N(Eloc.)  as a function of Pb concentration 

     Figure 5 represents the relationship between the density of states at the Fermi level and the lead concentration. At 

first, it is noted that there is a decrease in the density of states at the Fermi level when the lead concentration value 

increases from 0 to 5 to reach its lowest value of 225435.559 (eV-1cm-3) and then these values increase when the 

concentration rises at x .15 =  

 

 

Figure 5 shows the Density of localized states at firmi level N (E Fermi) as a function of Pb concentration 

     It was found from these results that the best density of states is when the concentration of lead is (Pb = 10) because 

the energy gap is small at the extended levels at this concentration, to take the preferred value. Also note that the 

energy levels of all extended and localized states and at the Fermi level change with the change in concentration, as 

these levels depend on the strength of the bond between the atoms [25]. The more the bonds are equivalent and 

interconnected with each other, the less randomness in the crystal structure and the higher the percentage of 

crystallization in the alloys. When the percentage of lead changes, it leads to a change in the width of the tails of the 

bundles, and this change in the width of the tails of the bundles leads to pulling it outside the energy gap, it becomes 

one of the extended states. As for increasing the tails of the bundles, this leads to the extension of these tails within 

the energy gap [26], as indicated by the researchers [4, 5]. From this, we conclude that the process of partial 

replacement of selenium with the element lead led to the ability to control the reduction or increase in randomness 
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depending on the ability of the bonds with which the lead bonds[ 27]. If the bonding process is high, the randomness 

decreases and the crystallinity increases. Conversely, if the dangling bonds in the alloy increase, the randomness will 

increase, which leads to an increase in irregularity and thus an increase in the density of local states at the Fermi level. 

This is because the valence bands in chalcogenide glasses have a high percentage of electronic states (unshared) which 

are called lone pairs and the process of substitution or introduction of other elements in chalcogenide alloys where the 

valence electrons close to the more electronegative atoms have higher energies than those located near the atoms with 

a high electrical charge, it has been observed that partial substitution affects the width or narrowing of the tail of the 

bands and the width may be similar to the valence bands and the tail of the bands changes as a result of the increasing 

or decreasing types of bonds in the alloys and this may lead to an increase or decrease in the edge of the conduction 

or valence band, which affects the densities of local and extended state. 

CONCLUSION 

     This study deals with the effect of partial substitution on the density of local, extended and Fermi level states in 

S70Se30-xPbx alloy by the melting point method and at x ratios (0, 5, 10, 15). By analyzing the electrical conductivity 

across different temperature ranges, three distinct conduction mechanisms were identified, related to the extended 

states N(Eext), local N(Eloc) and Fermi level (N(EF) at high temperatures between (423 K and 473 K), medium 

temperatures between (353 K and 423 K) and low temperatures between (297-353 K) respectively. The results showed 

that all the densities of these states are significantly affected by the substitution ratio. This is due to the movement of 

carriers between the extended states in the conduction and valence bands as well as due to the change in the width of 

the energy tails, the hopping distance of the electrons, as well as the activation energy. The density of the three states. 

The electrical conductivity constants, the energy band gap, the tail width ∆E, the hopping distance between two local 

states R, and the distance between atoms a were calculated. It was found that all of them change with the change in 

the concentration of the lead element. 
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