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Chalcogenide glass alloys are actively pursued worldwide because they are 
applicable in various technologies owing to adequate amorphous semiconducting 
features. Chalcogenide system Ge20Se80-xCux with x = 0, 5, 10, and 15 were prepared 
by melt quenching method, and the effect of partial replacement of selenium with 
copper on the electrical and optical properties was studied. The results showed that 
there are three types of electrical conduction: the first occurs between the local states 
near the Fermi level at low temperatures, the second occurs at intermediate 
temperatures between the local state of the tails of the energy gap, and the third 
occurs between the extended state of the valence and conduction bands at high 
temperatures. 
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1. Introduction 

Chalcogenide glasses consist of basic chalcogens 

such as sulfur (S), selenium (Se) and tellurium (Te) 

belonging to subgroup VI-A of the periodic table, 

mixed with electronegative elements or with organic 

radicals. The word chalcogenide is derived from a 

combination of the following Greek words: “copper”, 

“born”, and “type” [1]. Among inorganic glasses, 

chalcogenide glasses form an important class due to 

their technological applications in a wide range of 

fields such as biosensors [2], night vision cameras [3], 

switches, and microelectronics of infrared devices 

[4]. Chalcogenide glasses also have strong technical 

interest since some amorphous alloys of selenium 

exhibit several anomalous features such as negative 

viewing efficiency [5], large shift in the Fermi level 

and large photoelectric effect [6] Efforts have also 

been made by many scientists and researchers from 

time to time to study the chemical composition [7]. 

Studies on the temperature dependence of the 

conductivity of chalcogenide glasses have provided 

ways to effectively control the conductivity of 

amorphous semiconductors [8]. The electrical 

transport properties of a material are of great 

importance in determining whether a material is 

compatible with our practical needs or not [9]. 

Therefore, we find it useful to study the electrical 

conductivity dependence on the temperature of the 

Ge20Se80-xCux chalcogenide glass system (x = 0, 5, 10, 

and 15) and the effect of increasing the partial 

substitution ratio (x) according to the density of both 

local and extended states and its effect on the physical 

properties and their improvement for further 

scientific applications. 

 

2. Experimental Part 

Using molten cooling technology, a Ge20Se80-xCux 

glass alloy with x = 0, 5, 10, and 15 was fabricated. 

The components of the alloy, consisting of pure 

elements (99.99% of germanium (Ge), selenium (Se), 

and copper (Cu), are weighed and mixed using an 

electric grinder, then placed in quartz ampoules 

(10cm long and about 1.5cm inner diameter) and 

closed after being emptied to 10-4 bar. The sealed 

ampoules are placed in a furnace heated to 950°C at a 

rate of 5°C per minute. To ensure the homogeneity of 

the ingredients, the ampoules are shaken continuously 

for an hour at the highest temperature. Then the 

ampoules are taken out of the furnace and placed in 

freezing water to cool. Then each urine is broken 

individually. These alloys are ground into fine 

powders and then pressed using a hydraulic press. 

The powder is compressed under a force of about 6 

tons/cm2 to produce large disc-shaped samples, 

1.5cm in diameter and 0.2cm thick. The temperature 

is measured by mounting a thermocouple near the 

sample in a specially designed metal sample holder. 

Current is measured with a digital meter by applying 

a constant current voltage across the sample with a 

change in the approved temperature. To determine 

each sample's conductivity for each value of x. 

Electric current is passed along the sample area's 

plane to naturally flow through the sample area's 

cross-section rather as opposed to running parallel to 
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its surface. For each change in the sample temperature 

in the oven, record the current (in amperes) and 

voltage (in volts) all at the same time using the 

thermal cable. With each of these steps, we calculate 

the electrical conductivity versus temperature. 

Amorphous semiconductor materials have states 

localized within the energy gap because the edges of 

the valence and conduction bands extend into the 

energy gap [10]. These cases can be very or sparsely 

dense, depending on the type of material, 

composition, preparation technique, and variables 

present during the process. As a result, scientists have 

introduced several models - the most famous of which 

are the Mott-Davis and Cohen-Farish-Ovshamsky 

models - to explain the mechanisms of conduction in 

these substances [11]. According to Cohen-Farish-

Ovshamsky [12], the edges of the electricity and 

charge-tails overlap each other across the energy gap. 

As a result, the density of energy states expands to the 

center of the energy gap, where the conduction and 

valence edges eventually touch to close the gap [13]. 

Since the levels of the conduction band transitions are 

frequently devoid of electrons, the tails of the 

conduction band are filled with empty states of 

electrons as a result of electron redistribution caused 

by interference between the edges of these bands [14]. 

The valence band states, on the other hand, are neutral 

and constantly contain electrons at their edges. There 

are electrons in the tails that are close to the valence 

band states [15]. The tails' interference causes 

positively charged states to emerge while the 

interference region takes on a negative charge. The 

Fermi level will remain in the middle of the energy 

gap thanks to this distribution. Rotation to one side 

will occur if charges are present inside the gap. Figure 

(1a) shows the distribution that this model represents. 

Two major issues with this method are the lack of a 

single cycle and the chalcogenide glasses' extremely 

high degree of transparency. This concept does not 

apply to chalcogenide glasses due to the narrow tails 

of the valence and conduction bands in these 

materials. The Moot and Davis model [11] predicts 

that the energy gap in the conduction and valence 

bands is small, narrow, and lies in a short range close 

to the band edges; They reach a maximum of a few 

tenths of MeV. According to this model, the narrow 

region at the edges of the valence and conduction 

bands is all that the conduction and valence band edge 

tails extend to. Only a few tenths of an electron volt 

separates these two energy states. 

In Fig. (1b), it can be observed that level bands 

caused by defects like hanging bonds and holes 

(particularly in chalcogenide glasses) appear close to 

the energy gap's center when EA and EB are used to 

distinguish between the local and extended states. 

The Moot and Davis model is the best fit for 

explaining the existence of energy levels in 

chalcogenide glasses, which are symbolized by the 

local extended level and the Fermi level because the 

kinetic energy of the electrons between local levels 

decreases as they move from extended to local states. 

Because of this, the electrical conductivity of 

chalcogenide glasses can be determined over three 

temperature ranges: low, medium, and high [15]. 

Therefore it shows dc conductivity depending on 

temperature. These three regions do not need to be 

present in every chalcogenide compound, as this 

depends on the amount of randomness in the crystal 

structure. The Moot and Davis model can be 

expressed by the following relationship [11]: 

𝜎 = 𝜎01𝑒
−

𝐸1
𝑘𝐵𝑇 + 𝜎02𝑒

−
𝐸2

𝑘𝐵𝑇 + 𝜎03𝑒
−

𝐸3
𝑘𝐵𝑇 (1) 

where T is the absolute temperature, E1, E2, and E3 are 

the activation energies of each term, the preceding 

pre-exponential factor parameters are 𝜎01, 𝜎02, and 𝜎03, 

and kB is the Boltzmann constant 

Equation (1) includes distinct conduction 

mechanisms for each temperature zone; the high 

temperature (HT) region is represented by the first 

term, while the intermediate (IMT) and low 

temperature (LT) zones are represented by the second 

and third terms, respectively. By computing the 

logarithm of both sides of Eq. (1) and displaying 

(ln𝜎dc) versus (1000/T) on a graph, we can obtain 

three distinct straight lines with various slopes that 

correspond to the three components of Eq. (1). 

 

 
Fig. (1) Cohen-Farizsche-Ovshimsky model (A) and Moot and 

Davis model (B) 

 

3. Results and Discussion 

The logarithm of dc electrical conductivity (ln σdc) 

results were plotted as a function of the reciprocal 

temperature of the Ge20Se80-xCux system (where x = 

0, 5, 10, and 15). Figure (2) demonstrates the reliance 

of lnσdc on the exchange temperature in the range 300 

to 475°C. All samples show common patterns in 

which three regions of conductivity are observed. It is 

noted from this figure that σ decreases with 

decreasing temperature which indicates the increase 

in the density of localized states. The activation 

energy and previous exponential factors were 

estimated for the three regions and were included in 

the table (1). 

Figure (2) shows the effect of the Cu content on 

the value of the σ and it is clear that σ has a direct 

relationship with the Cu content. This indicates that 

the addition of the Cu leads to an increase in the 

density of the local states. To validate the 
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compensation law, the previous exponential factor σ0 

versus the activation energy (Ea). 

 

 
Fig. (2) Relationship between the logarithm of the dc electric 

conductivity (lnσdc) and the reciprocal of the absolute 

temperature (1000/T) for the Ge20Se80-xCux chalcogenide glass 

system at various Cu concentrations 

 

This figure demonstrates that there are three zones 

for each sample of the Ge20Se80-xCux formulations 

depending on the variation in the logarithmic value of 

the dark conductivity (lnσd) with (1000/T) for each 

value of x. This in turn means that three different 

conduction mechanisms dominate over specific 

temperature intervals in the extended and localized 

region and at the Fermi level. The ln σd versus 1000/T 

curves are straight lines in the Three measurement 

temperature ranges (300-360, 360-400 and 400-

475K). This indicates that the conduction in these 

samples is through three conduction processes, one at 

high temperatures (400-475K) and the other at low 

temperatures (300-360 and 360-400K) as shown in 

Fig. (2). And that there are three activation energies 

for each x ratio in the temperature range examined. 

Thus, σd can be expressed by the usual Eq. (1).  

In addition to extrapolating each line intercepting 

the y-axis with a value equal to (lnσd) (with x = 0, 5, 

10 and 15) pre-exponential factors can be calculated. 

The data were obtained for each of the pre-

exponential factor parameters (𝜎01, 𝜎02, 𝜎03) and 

activation energies (E1, E2, and E3) and the tail width 

∆E were recorded in the table (1). We noted from pre-

exponential factors (𝜎01, 𝜎02) that the activation 

energies in the extended and localized regions 

increase with increasing concentration of the copper 

in the samples. While 𝜎03 and ∆E3 oscillate between 

up and down in the local state inside the energy gap. 

In addition to that fact, the width of the tails changed 

with increasing the Cu concentration. 

It can be seen from Fig. (2) that the first region 

(HT) is confined between 400 and 475K and is 

determined by the first part in Eq. (1) the high-

temperature region. In this region, the carrier density 

is the same as the intrinsic carrier density [16]. Here, 

lattice vibrations and sample temperature influence 

the transformation. Temperature increases the 

number of charge carriers (electrons and holes), 

which increases conductivity. On the other hand, 

phonons generated by the vibration of the lattice lead 

to an electrical interaction. Electrons become trapped 

as a result of this process, requiring more energy to 

activate them [17]. This explains the high activation 

energy values in the first region [18]. The second 

zone begins with a temperature from 360 to 400K 

(intermediate temperature zone). This region is 

described by Eq. (1) second term and defined as an 

intrinsic semiconductor. Within this region, the 

carrier's density is equal to eigenvectors [19]. The 

variability of the dc conductivity in this region is due 

to the change in the mobility, the mean free path of 

the charge carriers, and their concentration. This can 

also be explained by the low degree of crystallinity 

and the small size of the crystals. The presence of 

defects such as skeletal disorders and disorders 

resulting from the drooping ligaments, the 

randomness in the structure, and the surface defects 

also played a key role in reducing the conductivity as 

reported in the literature [20]. 

The third region is known as the low-temperature 

region (LT), which represents the third term of Eq. 

(1), starting from room temperature to 360 K, where 

this temperature provides the impurities with energy 

until they reach depletion temperatures. It is also 

known as the external conductivity of the 

semiconductor due to the ionization of the impurity 

atoms. In the low-temperature range, data have 

indicated that the conduction attributed to interstate 

carrier-assisted hopping approaches the Fermi level 

[21]. Activation energies, ∆E1, ∆E2, and ∆E3, were 

calculated from the slope of the straight lines in Fig. 

(2) for each conduction region. The activation 

energies and exponential pre-factors of three regions 

for each sample were estimated from the triangular 

Ge20Se80-xCux array and then recorded in the table (1).  

The values of E1 rise linearly with increasing 

concentrations of Cu as shown in Fig. (3). This effect 

is likely due to the reduction of average the binding 

energy by Cu addition, while the E2 and E3 values 

decrease linearly with increasing concentrations of 

Cu. This effect is likely due to the reduction of 

average binding energy by the addition of Cu. The 

presence of three conduction regions (three 

conduction mechanisms) in these samples suggests 

the presence of a large amount of electrically active 

defects within the bulk material, but a clear 

understanding of the fundamental mechanisms 

underlying their electrical conductivity is currently 

still missing [21]. In a first step towards elucidating 

their conduction mechanism, this work focuses on the 

measurements of electrical conductivity of the glass 

Ge20Se80-xCux compounds to determine the effect of 

the copper addition on contribution to the defect 

formation and its effect on density of the localized 

and extended states in the three Regions; low, 

medium and high temperature. So we will calculate 

the density of each case separately. 
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Fig. (3) The activation energy determined by the Cu 

concentration in Ge20Se80-xCux chalcogenide glass system (x = 0, 

5, 10 and 15) 

 

The high-temperature region can be provided by 

the exponential temperature dependence of the first 

part of Eq. (1), where this correspondence appears on 

the first segment of the curve in Fig. (2). This 

exponential dependence is consistent with an 

activated process due to the conduction of the 

expanded state after the electronic excitation across 

the band gap (Ec–Ev). Depending on the pre-

exponential factor 𝜎0ext, this can be represented by the 

Eq. (2) [17]. The density of states in the extended 

region N(Eext) and for all samples when increasing 

concentration of the copper can be calculated as 

shown in Fig. (4) and the dates are noted in table (2). 

It is noted from this table that an increase in the 

concentration of copper in the samples led to an 

increase in energy levels in the extended cases, this is 

evident in increase in tail width as shown in table (2). 

𝜎0𝑒𝑥𝑡. =
1

6
𝑒2𝑣𝑒𝑎2𝑁(𝐸𝑒𝑥𝑡)   (2) 

Electron frequency is 𝑣𝑒 =
ℏ

a2M
, interatomic distance 

𝑎 = 0.026
e2

ℏσo
,  electron charge (e) and density of the 

extended states N(Eext) 

The pre-exponential factor 𝜎02that precedes the 

exponent in the mean temperature region can also be 

obtained from the mean curve in Fig. (2) and table (1). 

This exponential dependence in the mean temperature 

region corresponds to the transfer by the excited 

carriers to the local states followed by hopping. Using 

the results obtained for pre-exponential factor 𝜎0loc 

from the table (1) and applying Eq. (3) which is 

derived in references [17], the density of the energy 

states in the local region N(Eloc) was calculated and 

recorded in table (2). It is noticed that the values of 

N(Eloc) increase with the increase in the copper 

concentration as shown in Fig. (5) and this explains 

that the randomness increases with the increase in the 

copper concentration. 

𝜎02 =
𝑒2 𝑉𝑝ℎ𝑅2 𝑁(𝐸𝑙𝑜𝑐)

6
   (3) 

where R is the distance between two localized states 

and Vph is a phonon frequency 

 

 
Fig. (4) Density of the extended state (Eext) as a function of the 

Cu concentration in Ge20Se80-xCux chalcogenide glass system (x 

= 0, 5, 10 and 15) 

 

 
Fig. (5) Density of the localized state N(Eloc) as a function of Cu 

concentration in Ge20Se80-xCux chalcogenide glass system (x = 0, 

5, 10 and 15) 

 

The N(Eloc) values for positional state 

conductance are four to six orders of magnitude lower 

which is also in line with expectations for this type of 

conductivity. The decrease in the activation energy is 

also consistent with the expectation for such glasses 

[18].  

Conduction at very low temperatures is called 

variable band hopping (VRH) and involves phonon-

assisted tunneling of charge carriers in localized 

defect states. This type of temperature-dependent 

conductivity follows according to the third part of Eq. 

(1). 

The histogram of low-temperature conductivity 

for the four most prominent samples is shown in Fig. 

(2) as a function of the reciprocal of absolute 

temperature (1000/T). Each curve shows a linear 

dependence on the inverse of its temperature 

confirming the VRH type of conduction in the 

temperature range [19]. From the parameters 𝜎03 and 

conductivity VRH in table (1), the local densities of 

states of the Fermi level N(EF) were calculated using 

Eq. (4) [20,21]. The results were recorded in table (2). 

𝜎03 =
𝑒2 𝑉𝑝ℎ 𝑅2 𝑁(𝐸𝐹)

6
   (4) 

Throughout these results, it is noted that there is a 

slight increase in density of the localized states at the 

Fermi level. It can be said that increasing the 

concentration of the copper has a very small effect on 

N(EF) as shown in Fig. (6), but significantly on N(Eext) 
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and this explains that the randomness in the 

composition has decreased significantly [21]. It was 

found that the addition of Cu significantly reduces the 

activation energy of electrical conductivity and 

increases the overall conductivity. This is also the 

case for other chalcogenides mixed with copper such 

as Cu-As-Se glass and Cu-As-S glass [22,]. Unshared 

electron states are known as lone pair (LP) electrons. 

Kastner was the first to describe effects of the adding 

elements such as copper to V-VI alloys [23]. He noted 

that copper broadens the tail state in the valence band 

(LP band) because the LP electrons adjacent to the 

electronegative atoms will have higher energies than 

those near the electronegative atoms. In addition, the 

conduction band tail widens due to the increase in 

types of the bonds present in the alloy, and the 

broadening may not be the same with the LP band. 

The conduction band may also be affected by the 

establishment of the Ge-Se bonds that lower the 

conduction band edge. 

At lower temperatures, the conductivity of the 

copper-rich glass is dominated by the varying range 

of mobility, and this type of conductivity results from 

the presence of the dangling bonds that generate 

electronic states within the gap [17]. The activation 

energy for an electron to jump to a neighboring empty 

state just above the Fermi level is small enough to 

observe conduction even at low temperatures [21]. 

This type of conductivity is usually only prominent in 

quickly quenched bottles such as films with a large 

amount of "frozen" defects [24]. However, the 

present results clearly show that the addition of Cu 

modifies the structure to allow more of these defects 

to exist even in annealed glass and prevents the 

formation of VAPs that convert dangling bonds 

normally into charge defects. Based on the 

conduction slope analysis, this type of defect contains 

unpaired electrons; hence, these glasses are expected 

to show a strong signal [25]. 

 

 
Fig. (6) Density of the localized state at Fermi level (EF) as a 

function of Cu concentration in Ge20Se80-xCux chalcogenide 

glass system (x = 0, 5, 10 and 15) 

 

Using the UV-visible spectrophotometer, the 

optical characteristics of Ge20Se80-xCux chalcogenide 

glass system (pure and partially replaced by copper) 

were studied with different replacement ratios (x = 0, 

5, 10 and 15), and throughout the transmission and 

absorption spectra recorded for samples within the 

wavelength range 300-1100 nm. 

Figure (7) depicts the change in the absorption 

spectrum as a function of wavelength since all 

samples have the highest absorbance at short 

wavelengths, then, as the wavelength increases, it 

lowers until it reaches its minimum in the visible 

region of the electromagnetic spectrum [26]. Because 

an incident photon cannot excite and move an 

electron from the valence band to the conduction 

band due to the photon's energy, these membranes can 

be employed as windows in solar cell applications. 

Because the drop is less than the semiconductor's 

energy gap value, the absorbance declines as 

wavelength increases [27]. Additionally, it is 

observed that the absorbance rises as the proportion 

of copper increases when compared to the pure 

sample. This is because the partial replacement of Se 

with copper increased the absorption by creating 

donor levels in the energy gap near the conduction 

and valence bands. 

As shown in Fig. (8), the transmission spectra of 

all pure and partially replaced copper samples 

exhibits minimum transmittance at the fundamental 

absorption edge (short wavelengths), increases with 

an increase in wavelength, then exhibits an abrupt and 

significant increase to be constant at wavelengths 

longer than 360nm (visible and near-infrared 

regions). However, as the proportion of copper 

increases, the transmittance decreases as a result of 

the absorption by copper. 
 

 
Fig. (7) Absorption spectra of Ge20Se80-xCux chalcogenide glass 

systems (x = 0, 5, 10 and 15) 

 

 
Fig. (8) Transmissin spectra of Ge20Se80-xCux chalcogenide glass 

systems (x = 0, 5, 10 and 15) 
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4. Conclusions 

This work focused on the preparation and study of 

the electrical properties of the chalcogenide glass 

system Ge20Se80-xCux chalcogenide glass system (x = 

0, 5, 10, and 15). It was found that there are three 

conduction mechanisms. Copper had the effect of 

increasing the activation energy for extended state 

conduction and reducing the activation shot in the gap 

localized states. Also, it was found that increasing the 

concentration of copper in the samples led to a clear 

change in all conduction coefficients, local and 

extended states, and at the Fermi level, and the optical 

properties of the glass system. 
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Table (1) Values of the activation energies (E1, E2, and E3) and the pre-exponential factor (𝜎oext (𝜎01), 𝜎oloc (𝜎02), 𝜎o(f) (𝜎03)) for three 

states of Ge20Se80-xCux chalcogenide glass system with different concentrations of Cu 

 

Concentration High temperature Medium temperature Low temperature 

x E1 𝜎01 E2 𝜎02 E3 𝜎03 

0 1.06 4.1 x 10-3 0.017 2.48 x 10-6 0.016 1.3 x 10-10 

5 1.14 2.6 x 10-3 0.13 5.94 x 10-5 0.012 2.92 x 10-11 

10 1.37 2.79 x 10-2 0.012 1.62 x 10-4 0.0125 2.83 x 10-11 

15 1.42 4.71 x 10-1 0.09 8.87 x 10-3 0.0157 2.96 x 10-10 

 

Table (2) The composition dependence values of tail width (∆E), R, a, N(Eext), N(Eloc), and N(EF) for a chalcogenide glass system 

Ge20Se80-xCux (x = 0, 5, 10, and 15) in relation to Cu concentration 

 

x Tail Width ∆E (eV) R (A0) a (A0) N(Eext) (ev-1cm-3) N(Eloc) (ev-1cm-3) N(EF) (ev-1cm-3) 

0 1.043 13.24 26.61 1.32 x 1017 2.72 x 1011 1.26 x 1010 

5 1.01 11.31 41.9 8.45 x 10 16 5. 27 x 1012 2.37 x 1010 

10 1.358 11.7 3.91 9.025 x 1017 4. 05 x 1013 2.7 x 1010 

15 1.33 10.16 0.231 1.52 x 1019 4.575 x 1015 3.64 x 1010 

 


