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Abstract 
 
In the present work, changes in continuous electrical conductivity (σd.c) 

were studied when partial substitution of the Tin with Indium element in 

ternary Se85Te10Sn5-xInx alloy with different concentrations of Indium, 
from 0, 0.5, 1.0 and 1.5. We will review the mechanisms of conductivity in 

semiconductor chalcogenide glasses, the equations for continuous D.C 

electrical conductivity and using the electrical properties of Se85Te10Sn5-
xInx glasses with different concentrations of  In, from 0 to 1.5, to determine 

the effect of Indium on the density of extended , local and at Fermi energy 

states. Electrical measurements revealed three conduction mechanisms: 

conducting the extended state at a high temperature, the local state at a 
medium temperature, and variable-range jumps (VRH) at low temperature. 

The Indium addition had an effect on reducing the density of extended, local, 

at Fermi states and activation energy. While the increasing of Indium 
produce changing in tail width (∆E) and hopping distance between the states 

(R). 
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1 Introduction 
 

In recent years, there has been a significant development in the field of 

industry in general and in the field of electronic industries in particular, as a 

result of research and studies carried out by specialists in this field. This 
development was evident by reducing the production costs and the efficiency 

of electronic products, in addition to the reduction in the volume of those 

products. The search for raw materials with a crystalline structure used in 
industry is small electronic circuits that lead to the same purpose and at low 

cost is the concern that concerns these researchers and specialists. As a 

result, they resorted to studying the properties and specifications of materials 

with a random amorphous formula for use as alternatives to materials with a 
crystal structure, the reason for this being their accessibility on the one hand 

and the low cost of their manufacture on the other hand. Among these 

materials are amorphous semiconductor materials that can be obtained as 
compounds to be manufactured and to add certain types of impurities to 

increase their efficiency in electrical conductivity. There are many different 

types of semiconductor materials. These different types of semiconductors 
have slightly different properties and fit themselves with different 

applications in different forms of semiconductor devices. Some may be 

subject to standard signal applications, others to high frequency amplifiers 

and solar cells, while other types may apply to energy applications and harsh 
environments or others to light emission applications. All of these different 

applications tend to use different types of semiconductor materials. The 

majority of amorphous semiconductor compounds are layered materials 
known to contain weak Van der Waals bonds for layered units. As in many 

organic counterparts, this amorphous semiconductor feature opens the 

possibility of modifying its electronic properties through local structural 
rearrangement. However, the stimulants of these substances have been shown 

to be hampered by the structural elasticity of the amorphous network, which 

allows the formation of very favorable coordination defects, called parity and 

rotations [1-3]. 
Although the effects of impurities on the amorphous semiconductor 

electronic properties have been considered controversial, it has been shown 

that alloys with lead, bismuth, lead and lithium in molten glasses alter the 
conductivity [4, 5]. In regards to steroids, bismuth and lead are found only to 

reverse the carrier type, from p-type to n-type, in semiconductor amorphous 

glycogen by balanced steroids. The origin of the n-type conductivity in bulk 

modified bismuth chalcogenide glasses has been interpreted as originating 
from the high polarization of bismuth, which partially favors the formation of 

ionic Bismuth - chalcogenide  bonds. [6, 7]. Amorphous chalcogenide can be 

used with different technological methods and methods - thermal 
evaporation, spray magnetron, or stimulants in melting. 
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In the latter case, the slow liquid suppression enables a balanced 

equilibrium with recrystallization acting as a stabilizing force, implying high 

concentrations of stimulants required to convert a molten into a 
heterogeneous state of insufficiently localized coordination around the 

anesthetic substance provided. Regardless of the method of stimulants, the 

transition from p-to conductivity of type n to chalcogenide glasses covered 

with Bi is expected to arise from type n defects formed in the vitreous 
network [8]. Conductivity of impurities with the activation energy EA, 

smaller than half of the band gap, has been demonstrated to arise easily when 

the provided dopant atoms cannot balance with an amorphous matrix. 
In this research, we study the changes in electrical conductivity (σd.c) by 

partial substitution of the tin (Sn) with Indium (In) element in ternary 

Se85Te10Sn5-xInx alloy with different concentrations of  In  (0, 0.5, 1.0 and 
1.5) and will review the mechanisms of conductivity in semiconductor 

chalcogenide and the equations for continuous electrical conductivity and 

using the electrical properties of Se85Te10Sn5-xInx glasses with different 

concentrations of In element, to determine the effect of In on the density 
energy of extended, local regions and at Fermi energy states. 

The organization of this paper are consists of introduction part that 

explain the main materials that used in this research and literature reviews. 
The next section is the theory part that illustrate the theoretical approach for 

this work. Results and discussions illustrated the output results with their 

explanations, followed by the conclusions and references. 

 

2 The Theory Part  
 
The temperature conductivity is widely used to check the conduction 

mechanism inside the material. As Davis and Mote [9] described, three 

mechanisms can control the conduction of electrons through amorphous 

semiconductors. Electrical measurements revealed three conduction 
mechanisms: extended state conduction at high temperature localized state 

conduction at medium temperature, and variable range hopping (VRH) at 

low temperature. 
Interpretation of electronic transmission information interferes with the 

distribution of states density of energy and based on the Davis and Mote 

model there can be three processes that lead to electrical conductivity in 
amorphous semiconductors [9]. The conductivity contribution depends 

mostly on the different temperature ranges to which the semiconductor is 

exposed. At low temperatures it is possible that the conductivity by means of 

the hopping electron or hole between the intensity of localized energy states 
located near the Fermi level. At medium temperatures, the conductivity is 

electric by the levels of local energy states at the tails of the energy beams, as 

the transfer of electronic charges is carried out by hops between the local 
levels in the area of the tails of the energy bands.  
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As for the high temperatures, electrical conductivity is between the levels 

of extended energy states. The mobility in the extended state is more than in 

the local state, so it is preferable that the conductive electrical measurements 
be in high temperatures. We will discuss in detail the equations that describe 

three electrical conductivity in the extended and localized state in the tails of 

the beams and at the Fermi level in order to benefit from these equations in 
calculating the density of the states in the three regions, in addition to 

calculating the width of each band states in it. The conductivity in the 

chalcogenide glasses can be written as [10]: 

                                                      (1) 

The equations are provided below for conducting electrons, but similar 

equations for conducting a hole can be derived. The three terms arise from 
three different conduction mechanisms and they are to be discussed 

separately. 

 

2.1 The High Temperature Region 
 

In the first region, the dominant mechanism is the band conduction through 

the extended states. This region is expressed by the first term of equation (1). 
Service carriers are enthusiastic about extended states so that σ exhibits 

activation Energy EC – EF (or EF – EV) =E1: 

               (2) 

Where 01 and c-Ef:  are pre expansion factor and activation energy (eV).  

T: temperature (K). By Taking logarithm for both side: 

               (3) 

Thus, the energy gap is given by the following relationship after finding out 

the value of the following slope [11]:  

               (4) 

So: 

                (5) 

Where U represents the movement of the charges and N(Ec) density of state 

at extended state[11]. 

                  (6) 

Where D is the diffusion coefficient, after compensation for the value of U 
from equation 6 in equation 5 it becomes the following formula: 

                                                                       (7) 

Where D is D =1/6 Ve a2. After compensation for the value of D in equation 

7, it becomes the following formula [11]: 

                                                                      (8) 
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Where electron frequency Ve    and Interatomic distance a =   

therefor N(Eext) : 

⸫                                                                              (9) 
The excitation process is represented by the black arrow in Figure 1. As 

will be discussed later, the band gap (EC - EF) depends on the temperature so 

that the activated energy shown σ not exactly (Ec - Ef) but should be adjusted 
by temperature correction. 

 

2.2 Hopping Conduction Via Localized States 
 

The second mechanism occurs at a low temperature and is called the 

local state conduction. Here the conductivity arises from tunneling through 

unoccupied levels of the nearest neighboring centers. It involves 
transportation by electron charge carriers or hole to local states at the edge of 

the band followed by jumping. The activation energy of conductivity then is 

EA – EF + w1 (or EF – EB + w1) = E2 where w1 is the activation energy to 

travel between local states [11, 12]: 

                            (10) 

                                                                      (11) 
Where Vph the frequency of phonon, R hopping distance between two 

localize states.  

⸫                                                           (12) 

So,                                                              (13) 

Where ∆E = E1-E2 is width of energy tail as shown in figure 1, α-1 is optical 
absorption coefficient is 10-7cm and N (Ec) density of extended state [11]. 

The excitation process is represented by the red arrow in Figure 1. The 

temperature correction should also be applied to the activation energy as in 

the case of an extended state connection. 
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Figure 1: Comparison of the two connections. Extended conduction: Excitation of 

an electron in the conduction band and variable-scale travel near the edge of the band 

level (Tail edge level). 

 

2.3 Hopping Conduction near the Fermi Level 
 

The third connection mechanism is dominant at very low temperatures 
and is called Variable Range Jumping (VRH) [12]. This form of conduction 

includes a tunnel-assisted tunnel for charging carriers in defect near Ef and 

shows a different dependence on temperature according to the following 

[13]: 

                                                                      (14) 

Mott and Davis’s treatment of VRH suggests that conductivity turns into 
a flawless conduction system. If the location of the defects is near the Fermi 

level, then the VRH conductivity is described by equation (3) with the 

exponential term B in which it is expressed by the following relationship 

[13]: 

                                                                       (15) 

                                                                                       (16) 

                                                                    (17) 

                                                                      (18) 

Where α-1 is the localization length of the gap states, kB is the 

Boltzmann constant and N (EF) is the state density near the Fermi level. The 

value of α-1 is usually taken as 10-7 cm [13], so B measurements provide a 
method for estimating the density of defects in the gap. 

Where B is the Boltzmann constant (  / ) and T is the temperature at 

which the jump occurs (chosen to be 100 K in these calculations).Then the 

activation energy W, required to travel between elections is obtained near the 
Fermi level at low temperatures from: 
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                                        (19) 

Defects near the middle of the gap such as a drop bond are the carrier 

source in the VRH. This mechanism is similar to that observed in prosthetic 

semiconductors as electrons jump between localized states slightly less than 
the Fermi level and an empty local state slightly above the Fermi level. This 

amorphous semiconductor mechanism is illustrated in Figure 1 in violet color 

[14]. Whoever interprets the interpretation of electronic transmission 
information interferes with the distribution of energy state density and based 

on the Davis and Mote 1 model there can be three processes that lead to 

electrical conductivity in amorphous semiconductors. The conductivity 

contribution mostly depends on the different temperature ranges to which the 
semiconductors are exposed. At low temperatures, it is possible that 

conductivity by means of an electron can travel or puncture between the 

intensity of the local energy states located near the Fermi level. At medium 
temperatures, electrical conductivity is through the levels of local energy 

states at the tails of the power beams, where the electronic charges are 

transported by hops between the local levels in the tails region of the power 

strips. As for the high temperatures, the electrical conductivity is between the 
levels of the extended energy states. The movement is in the extended state 

more than the local state, so it is preferable that the conductive electrical 

measurements be at high temperatures. 
 

2.3.1 Experimental Part 
 
The highly purified cups (99.999%) of Se, Te, Sn and In elements were 

prepared by melting and cooling quenching technique. The alloy elements 

were weighted according to their atomic weight ratio and the ratios of 

additions x equal 0, 0.5, 1.0, 1.5 and 2, as a starting materials, according to 
the general chemical formula: 

85Se + 10 Te + (5-x) Sn + x In → Se85Te10Sn5-xInx 

The mixtures were placed in quartz ampoules. Ampoules were closed 
under a vacuum of 10−4 Torr to prevent any interaction of alloy elements 

with oxygen at a higher temperature. Ampoules were heated in furnace at a 

rate of 5 K/min, temperature was heated to of 1100 0C thousand and fixed 
for 20 hours. To ensure the consistency of the alloys, the ampoules were 

stirred throughout the smelting process. After the aforementioned period, the 

ampoules of molten material were quickly removed and cooled in the water 

cooled with ice. The prepared glass materials were removed from the 
ampoules by breaking them. Continuous electrical conductivity (σd.c) 

measurements were made by measuring the voltage and electrical current as 

a function of temperature. 
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3 Result and Discussion 
 

Electrical conductivity (σd.c) was evaluated at each region temperature 

(low, medium and high) and for all samples under investigation. Figure 2 

shows the dependence of the DC conductivity temperature for the 
Se85Te10Sn5-xInx glass systems (x = 0, 0.5, 1.0 and 1.5) as a function of 

temperature. It is observed from these figures that there are three different 

regions for each curve (for each value of x). Through these four curves and 

their three regions, the activation energy was calculated by the slope of a 
curve for each region shown in Table 1.  

 
Figure 2: Conductivity dc as a function of In concentration for Se85Te10Sn5-xInx 

glasses with different x (0, 0.5. 1.0 and 1.5) 

Calculating the density of energy states requires knowing the pre- 

exponential factor o in the area of these states, using drawing the 
relationship between the continuous electrical conductivity as a function of 

temperature, the pre- exponential factor o in the area of these states can be 

calculated by taking the span of the curves and their intersection with the y 
axis at the x axis equals zero and applying equation 3. The values of pre- 

exponential factor σ0 were calculated, as shown in Table 1. Through these 

results that we obtained from the continuous electrical conductivity as a 
function of temperature codification in Table 1, we will apply the equations 

that we obtained in the theoretical part to calculate the density of energy 

states in the three regions  extended , localized and at the Fermi state. 

 

3.1 Extended State Density 
 

The density of the extended states (N(Eext.) includes the density of the 
extended states of the conduction band N(Ec) and the density of the extended 

states of the valence band N(Ev). Then the density of the extended state 

region was calculated by using equation 9 for all samples and depending on  
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the use of the Mott and Davis approach [9] to calculate these parameters, the 

results are tabulated in Table 2. Figure 3 represents the relationship density 

of energy extended states as a function of the concentration of In, it is 
observed from this figure that the density of extended states decreases with 

an increase in the concentration of In, and this resulted due to the change in 

the activation energy. The change in the activation energy due to a change in 

the concentrations of element In may result from several reasons, including 
[11]: 

1. The change in the value of the mobility gap. 

2. Move a Fermi level from the middle (up or down). 
3. Change the width of tails ∆E. 

4. The shift in the quality of conducting n-type or p-type. 

5. change in the concentration of carriers 
All of these reasons, or some of them, cause an increase or decrease in 

density of energy state in the three regions (the extended and localized region 

and at the Fermi level) depending on the type of the added or replacement 

element, is it a donor or acceptor, in addition to that the amount of the 
element’s equivalence is more or less than the equivalent of the substituted 

element. Through the audit and note tables 1, 2. We conclude that all the 

variables parameters have changed due to the addition, and this confirms that 
the above reasons have changed in the activation energy, pre-exponential 

factor 0 and density of states for three regent states. 

Interatomic distance (a ) is calculated using equation a = 0.026 [e2/ℏσo] 

and  listed in table 2. Figure 4 illustrates the relationship between the 
interatomic distance (a ) and the concentration of addition of element In, in 

which an increase in the values of a is evident with an increase in the In 

concentration.  
 

 
Figure 3: Density of the extended states N(Eext.) as a function of In concentration 

for Se85Te10Sn5-xInx glasses with different x (0,0.5. 1.0, 1.5) 
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Figure 4: Interatomic distance (a) as a function of In concentration for 

Se85Te10Sn5-xInx glasses with different x (0, 0.5. 1.0 and 1.5) 

 

3.2 The Density of the Localized States N (Eloc.)  
 

After applying the equation (13), the hopping distances were calculated 

for the localized carriers of the charge ®, depending on the results included 
in Table 1, where an increase in the values of the hopping distance is 

observed with an increase in the concentration ratio of the substitution of In 

element and that the increase in the hopping distance indicates a decrease in 
the density of state Positioning at the tails of conduction and valance bands, 

because the hopping distance is the distance 40ravelled by the carriers 

between two consecutive states of positional levels. Figure 5 illustrates the 
relationship between the hopping distance and the concentration of addition 

of element In, in which an increase in the values of R is evident with an 

increase in the In concentration.  

 
Figure 5: The relationship between the hopping distance R and the In-concentration 
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The width of energy tail ∆E was calculated using the equation ∆E = E1-

E2 and plotting the relationship between the width of energy tail ∆E as a 

function of the In-concentration in Figure 6 where it is observed from this 
form that an increase in In-concentration produce changing in ∆E. where it is 

noticed that there is an decrease in the values of ∆E when x is equal to 0.1 

and then increases with increasing the concentration of x = , then the 

elevation is repeated slightly when x becomes equal to 1.5. 
 

 
Figure 6: The width of energy tail ∆E as a function of the In-concentration 

 

After calculating the values of the electron hopping distances R, width of 

energy tail ∆E = E1-E2 and by substituting the results and the pre-

exponential factor values 0loc  and Vph the frequency of phonon in 

equation 12, the density of localized energy states N(Eloc.) were  calculated, 

and listed in Table 2. It is noted from Table 2 and Figure 7 that the results 
obtained show the density of localized states at the tails of the bands N(Eloc.) 

decreases as the In concentration increases in Se85Te10Sn5-xInx glasses. 

These results are expected because the intensity of topical conditions is 

directly proportional to R2 which led to a decrease in the density of localize 
state, as shown in the figure 7. 
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Figure 7: Density of the localized states N(Eloct.) as a function of In- concentration 

for Se85Te10Sn5-xInx glasses with different x(0, 0.5, 1, 1.5) 

 

3.3 The Density of the Localized States at Fermi Level N (EF) 
 

The density of localized states N(EF) was calculated at the Fermi level 

by applying equation 16 or 17, and by substituting for the values KB, Vph, 

T=100K and hopping distance R, the density of the local state was calculated 
at the Fermi level and the results are included in a table 2. The relationship 

between the density of localized state at Fermi level N(EF) was drawn as a 

function of In-concentration in Figure 8, where it is noted from this figure 
that an increased In-concentration produce decrease in the density of 

localized state at  Fermi level N(EF). 

 
Figure 8: Density of localized state at Fermi level N(EF) as a function of In 

concentration for Se85Te10Sn5-xInx glasses with different x(0,0.5. 1.0 and 1.5. 
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Table 1: The composition dependence of activation emerges and pre- exponential 

factor 0 for three regent states In content of Se85Te10Sn5-xInx glasses. 

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

0 0.780 0.4498 0.722 2.439x10-8 0.5691 2.44x10-10 
0.5 0.696 0.4221 0.241 1.348x10-10 0.0614 4.17x10-13 

1.0 0.409 0.2972 0.216 3.67x10-11 0.0897 8.1x10-13 

1.5 0.399 0.2698 0.144 3.287x10-12 0.0299 9.72x10-19 

 
Table 2: The composition dependence of Tail Width ∆E, R, a, N(Eext), N(Eloc) and 

N(EF) as function of In content of Se85Te10Sn5-xInx glasses. 

x 

Tail 

Width 

∆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 0.56 12 24.248 1.446x1019 3.974x1015 1.693x1012 

0.5 0.455 135 25.853 1.365x10 19 1.736x1011 1.173x108 

1.0 0.193 119 35.734 9.608x1018 6.899x1010 1.936x108 
1.5 0.255 130 40.407 8.734x1018 4.575x1010 1.36x108 

 

Through what has been satisfied for the density of the extended, 

localized and localized states at the Fermi level in the low, medium and high 

temperatures. It is clear that the effect of adding indium (In) to the 
Se85Te10Sn5-xInx compound has led to a decrease in the density of state in 

the extended region due to the ownership of Sn element energy levels less 

than the In element, which led to a decrease in the density of energy states 
when adding or substitution [11, 14]. 

Either in topical cases at medium temperatures. It is clear that 

substitution or increasing the ratio of indium to the Se85Te10Sn5-xInx 
compound has led to a decrease in the density of  states in the localized 

region, which led to a decrease in the width of the tails and thus a decrease in 

the randomness in the crystal structure of the Se85Te10Sn5-xInx compound. 

The addition worked to reduce the local states within the mobility energy 
gap, and also caused the reduction of the local states at the Fermi level [12-

16]. This substitution worked as hydrogenation or fluorination for random 

semiconducting materials. 
 

4 Conclusion 
 

In this paper, we study the changes in electrical conductivity (σd.c) by 

partial substitution of the Sn with In element in ternary Se85Te10Sn5-xInx 

alloy with different concentrations of  In  (0, 0.5, 1.0 and 1.5) and will review 
the mechanisms of conductivity in semiconductor chalcogenide glasses, the 

equations for continuous electrical conductivity and using the electrical 

properties of Se85Te10Sn5-xInx glasses with different concentrations of  In  

to determine the effect of In on the density of extended , local and at Fermi 
energy states.  
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Electrical measurements revealed three conduction mechanisms: 

conducting the extended state at a high temperature, conducting the local 

state at a medium temperature, and variable-range jumps (VRH) at low 
temperature. The In addition had an effect on reducing the density of 

extended, local, at Fermi states and activation energy. While the increasing 

of In additives produce changing in tail width (∆E) and hopping distance 
between the states (R). 

The effect of adding indium In to the compound Se85Te10Sn5-xInx 

resulted in a decrease in the state density in the extended region due to 
ownership of energy levels of the element Se less than the element In, which 

led to a decrease in the energy states density when adding or increasing. 

Either in the localized region, it is clear that adding or increasing the 

ratio of indium (In) to the Se85Te10Sn5-xInx resulted in a decrease in the 
density of states in that region, which resulted in a decrease in the width of 

the tails and thus a decrease in randomness of crystal structure of the 

Se85Te10Sn5-xInx compound. The plugin reduced positioning levels within 
the mobility energy gap, and also caused levels in the Fermi level to be 

reduced. 
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