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Dielectric dispersion and conductivity of Te9Se72Ge19-xSbx (x = 8, 9, 10, 11, 12) 

chalcogenide glassy alloy has been studied in frequency range 500 Hz to 1 M Hz and 

temperature range (300K-363K) below glass transformation region. Effect of temperature 

and frequency on dielectric response and conductivity of the material has been explained 

thoroughly using appropriate models. Activation energy of ac conductivity and other 

dielectric parameters have also been calculated to explore material’s conduction 

mechanism and dielectric behaviour. 
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1. Introduction 
 

In diverse field of amorphous semiconductors, non-oxide glasses are in focus due to their 

extensive applications in technological fields. These glasses have low value of dielectric constant 

as compared to oxide glasses. Oxide glasses fall in the category of ceramics whereas the 

chalcogenide glasses fall in the category of semiconductors, as the electrical conductivity of these 

glasses ranges from 10
-2

–10
-16

 Ω
-1

cm
-1

 [1]. Chalcogenide glasses are successfully applied in photo 

electronics, thermoelectric devices, optical switching, ultra-fast telecommunication devices and 

phase change memory devices [2-9]. The dielectric behaviour of chalcogenide glasses reveals the 

structural information which is very useful for understanding the conduction mechanism. The 

dielectric relaxation in amorphous semiconductors is very useful to understand the origin of the 

dielectric losses and to determine the density of defect states in solids.  Dielectric dispersion is the 

dependence of permittivity of a dielectric material on the frequency of an applied electric field. A 

lag between changes in polarization and changes in the electric field results in a dielectric loss. 

Electrical properties of chalcogenide glasses provides useful information about the band gap, 

density of states, mechanism of conduction, type of dominant charge carriers, and nature of defect 

states of the material [10,11]. The presence of defect states (D
+
, D

-
) in the mobility gap is the 

common feature of these glasses because of the absence of long range order in the atomic 

arrangements [12]. The density of defect states in mobility gap in the chalcogenide glasses 

controls the optical and electrical properties of the material. The frequency dependence of ac 

conductivity confirms the hopping conduction mechanism. Therefore, the measurement of ac 

conductivity of amorphous chalcogenide glasses can be used to obtain information about these 

states. The correlated barrier hopping (CBH) [13, 14] model of bipolarons (i.e., two-electron 

hopping charged defects D
+
 and D

−
) has been proposed to explain the ac conduction mechanism in 

glassy amorphous semiconductors. According to Guintini model [15], each pair of D
+
 and D

−
 is 

assumed to form a dipole which creates a potential barrier over which the carrier can hop. This 

may lead to a decrease in the density of states due to the conversion of some bipolaron states (D
+
, 

D
−
) into a single polaron state (𝐷𝑜) according to the relation (𝐷+)  +  (𝐷−)  ⇾ 2(𝐷𝑜).  This 

theory successfully explained many features of  the ac conductivity at low temperature particularly 

the parameter ‘s’. However, it does not explain the high temperature behaviour so well, 
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particularly in the low frequency range. Shimakawa [16] suggested that  the thermal excitation of 

D
+
 and/or D

−
 states produces the D

o
 states and single polaron hopping  (i.e. one-electron hopping 

between D
o
 and D

+
 or D

−
) is responsible at  high temperature. Mostly selenium based glasses are 

preferred because of their commercial and technological applications. Pure Se is a good glass 

former, but its low glass transition temperature limits its applicability. Certain cross-linking agents 

like Ge, increase the thermal stability and glass forming ability by compromising on the optical 

and electrical properties by decreasing the defect states. Ge-Se glasses have been widely studied 

due to their extended amorphization range [17]. The addition of heavy metal impurities like Sb, 

enhances the optical properties due to creation of compositional and configurational disorder in the 

system. Sb behaves as a good tailoring agent to tune the optical and electrical properties in present 

Se-Te-Ge glassy system as it increases the density of defect states. Mehra et al. [18] have reported 

the creation of some new defect states with Sb contents in Se-Te binary glassy alloys during 

photoconductivity measurements. The present focus of this study is to report some electrical 

properties and determine the influence of antimony content on the electrical conductivity and 

dielectric behaviour of the Se-Te-Ge glassy system. 

 

 

2. Experimental Details 
 

The bulk samples of the Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) are prepared by melt quenching 

technique. High purity (99.999%) Se, Te and Sb (Alpha Aesar) and Ge (Acros Organics) are 

weighed according to their atomic percentages and are sealed in quartz ampoules at a pressure of 

∽10
-5 

mbar. The sealed ampoules are kept inside a furnace, where the temperature is increased up 

to 1273
o
K at a heating rate of 3–4

o
K per min. These ampoules are frequently rocked for 15 h at the 

highest temperature to make the melt homogeneous. The quenching is done in ice cold water. The 

material is extracted by breaking the ampoules and is grinded to fine powder. The amorphous 

nature of all the  samples at room temperature is ascertained by Panalytical X’Pert-Pro 

diffractometer (PW 3050/60) by using Cu target source (λ = 1.5483 Å) and diffractograms are 

shown in figure 1. 
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Fig. 1 X-ray diffractograms of the Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 

 

The glassy nature of the material is conformed using modulated differential scanning 

calorimetery. The glass transition temperature of the material varies from 371K to 362 K as Sb 

content changes in the composition [19] as shown in figure 2. To study the dielectric behaviour of 

the material, the pallets of diameter ∽10mm and thickness∽1.5 mm of the material are prepared 

by pressing the finely grinded powder in a steel die by using a hydraulic press under a load of 3-4 

tons.  
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Fig. 2 DSC thermograms of Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) at heating rate 10K per minute 

 

 

The pellets are coated with silver paste on both sides to ensure good electrical contact with the 

electrodes of the sample holder. The dielectric behaviour and ac conductivity of these pellets are 

analyzed with the impedance analyzer, Wayne Kerr 6500B. The response of the conduction 

mechanism and dielectric behaviour has been studied in the frequency range (500Hz -1MHz) and 

temperature range (300K to 363K) below the glass transformation region. 
 
 
3 Results and Discussion 
 

3.1 Frequency and Temperature Dependence of ac Conductivity: 

3.1.1. ac Conductivity: 

The conducting response of the material is studied in the frequency range 500 Hz to 1MHz 

at different temperature ranging from 300K to 363K. The total conductivity is given by [20] 

 

𝜎(𝜔) = 𝜎𝑜 + 𝐴𝜔𝑠     (1) 

 

here 𝜔 = 2𝜋𝑓 is the angular frequency. A is pre factor and s is the frequency exponent.  It has 

been found that both of these factors have the temperature dependence. The value of ‘s’ 

approaches to 1 at room or low temperature. The term 𝜎𝑜 is low frequency (or dc) conductivity. 

The value of dc conductivity is very small as compared to ac conductivity. So 𝜎𝑜 can be neglected 

in the above equation and total conductivity is approximately equal to ac conductivity. 

             In semiconductors and some disordered materials, frequency dependence of ac 

conductivity is expected due to conduction in localized states [21]. The low temperature ac 

conduction can be explained by considering bipolaron hopping between D 
+
 and D 

–
 states whereas 

the higher temperature behaviour is due to thermally activated single polaron hopping. At higher 

temperatures a number of thermally generated D
o
 states are produced with a temperature 

dependent concentration [14]. A common feature of all the amorphous semiconductors is that the 

ac conductivity 𝜎𝑎𝑐(𝜔)  changes with frequency according to the following relation 

 

 

𝜎𝑎𝑐(𝜔) = Aωs     (2) 

 

In the above equation (s ≤ 1) is the frequency exponent and is given by the following 

relation [14, 22] 

𝑠 =
𝑑(ln (𝜎𝑎𝑐))

𝑑(ln (𝜔)
= 1 −

6𝐾𝐵𝑇

[𝑊𝑚+𝑘𝐵𝑇𝑙𝑛(𝜔𝜏𝑜)]
    (3) 

 

 

here Wm is the maximum barrier height over which the electrons hop, T is the absolute 

temperature and kB is the Boltzmann constant, ω is the angular frequency and 𝜏 is the relaxation 
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time for the electrons to hop over the barrier height W. The variation of ac conductivity with 

frequency for the invested composition at different temperature has been shown in figure 3. The ac 

conductivity increases with increasing Sb concentration because the addition of Sb in the glassy 

matrix increases the density of charge carriers and band tailing. 
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Fig. 3 Plots of  𝑙𝑛(𝜎𝑎𝑐) versus 𝑙𝑛(𝜔) at different temperature for Te9Se72Ge19-xSbx   (8 ≤ x ≤ 12) glassy alloys 

 

              The value of frequency exponent ‘s’ is calculated from the slopes of the plots of 

𝑙𝑛(𝜎𝑎𝑐) versus 𝑙𝑛(𝜔)and its variation with temperature for the composition is shown in figure 4. 

The value of ‘s’ is found to be decreasing as the temperature increases and its value approaches to 

1 as the temperature reduces. At a low temperature, ac conductivity is observed to be almost 

constant in the low frequency range and is found to be increasing exponentially in high frequency 

range. The behaviour of ‘s’ has been explained with correlated barrier hopping (CBH) model 

proposed by Elliot. According to this model, hopping takes place between close pairs of defect 

states that have a random distribution of the charged defect states and these pairs are called as non 

intimate valence alternation pairs (NVAP’s).Various authors have shown such observations [22-

26].  
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Fig. 4 Variation of frequency exponent ‘s’ with temperature for Te9Se72Ge19-xSbx (8 ≤  x ≤ 12) glassy alloys 

 

 

The ac conductivity also increases as the temperature increases. The values of ac 

conductivity at different temperatures and frequencies for all glassy alloys are tabulated in table 1. 

 
 

Table 1 Values of ac conductivity of Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys  

at different temperatures and frequencies 

 

x Frequency ac conductivity(Ω
-1

 cm
-1

 )  

303K 313K 353K 363K 

x=8 500KHz 3.41x10
-9

 4.33x10
-9

 1.09x10
-8

 1.21x10
-8

 

1MHz 1.10x10
-8

 1.11x10
-8

 2.82x10
-8

 3.33x10
-8

 

x=9 500KHz 6.48x10
-9

 6.71x10
-9

 1.54x10
-8

 2.16x10
-8

 

1MHz 1.91x10
-8

 1.93x10
-8

 3.58x10
-8

 4.71x10
-8

 

x=10 500KHz 7.48x10
-9

 9.25x10
-9

 2.29x10
-8

 2.32x10
-8

 

1MHz 2.16x10
-8

 2.58x10
-8

 5.50x10
-8

 5.88x10
-8

 

x=11 500KHz 1.27 x10
-8

 1.31 x10
-8

 3.05x10
-8

 3.13x10
-8

 

1MHz 2.87x10
-8

 3.03x10
-8

 5.02x10
-8

 6.35x10
-8

 

x=12 500KHz 2.10x10
-8

 2.11x10
-8

 3.96x10
-8

 5.08x10
-8

 

1MHz 4.98x10
-8

 5.06x10
-8

 7.92x10
-8

 1.02x10
-7

 

 

 

The temperature dependence of the ac conductivity for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) 

glassy alloys is studied in the temperature range (300K-363K) at different frequencies and is 

represented in figure 5. 
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Fig.5 Plots  𝑜𝑓  𝑙𝑛(𝜎𝑎𝑐) versus 1000/T at different frequencies for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 

 

            Figure 5 shows the variation of 𝑙𝑛(𝜎𝑎𝑐 ) versus 1000/T at different frequencies and 

approximately linear fits are found. It has been found that ac conductivity increases with an 

increase in the temperature as well as with frequency for all the samples of the composition. This 

shows that the ac conductivity in different localized states in the gap is a thermally activated 

process. In the intermediate temperature range the ac conductivity can be related with temperature 

[25] as follows 

𝜎𝑎𝑐(𝜔) = 𝜎𝑜𝑒
(

−∆𝐸𝑎𝑐
𝐾𝑏𝑇

)
   (4) 

 

             here 𝜎𝑜 is constant. The activation energy ∆𝐸𝑎𝑐(𝜔)  of ac conduction is calculated at 

different frequencies using this equation and the variation of ∆𝐸𝑎𝑐  with frequency for all the 

samples have been shown in figure 6. 

It is clear that ∆𝐸𝑎𝑐(𝜔)   decreases with increasing frequency. This decrease may be 

attributed to the increase of applied field frequency which enhances the electronic jump between 
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the localized states [22]. The results of the activation energy obtained for the samples support the 

hopping conduction mechanism. 
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Fig. 6 Variation of ac activation energy versus frequencies for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 

 

3.2 Dielectric Dispersion and Behaviour with Temperature: 

3.2.1 Dielectric constant: 

The following equation has been used to calculate the values of dielectric constant (ℰ′) 

 

ℰ′ =
𝐶𝑑

ℰ𝑜 𝐴
       (5) 

 

             In the above equation C is the capacitance of the material, d is thickness of the pellet, A is 

the area of the pellet and ℰ𝑜  is the permittivity of free space. The dielectric constant is found to 

remain constant with frequency at the room temperature as shown in the figure 7 (inset). Dipoles 

are unable to orient themselves at room temperature and the orientational polarization decreases 

with increase in the frequency. Hence dielectric constant remains constant at room temperature 

with increase in the frequency [23].  

 

3.2.1 Dielectric Loss: 

             The dielectric loss is the imaginary part of the dielectric susceptibility and can be 

calculated using the relation [23] 

 

ℰ ′′ =  ℰ ′𝑡𝑎𝑛 (𝛿)        (6) 
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Fig. 7 Variation of dielectric constant and dielectric loss with frequency at room temperature 
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              here  𝑡𝑎𝑛 (𝛿) is the dissipation factor (D) or the loss factor obtained by the impedance 

analyzer which symbolizes the inherent dissipation of electric energy in the dielectric material. It 

has been found that the dielectric loss decreases initially with frequency up to frequency 50 K Hz 

and after that remains constant. With an increase in the Sb content in the glassy matrix both the 

dielectric constant and dielectric loss increases as is clear from the figure 7. 

              The behaviour of dielectric constant and loss is studied in the frequency range 500 Hz to 

1MHz with varying temperature below glass transition temperature for all the samples of the 

composition. The dielectric loss () obeys a power law with angular frequency () for all the 

samples of the compositions [15, 27] and is given by 

 

 =  𝐴𝑚,     𝑚 <  1       (7) 

 

                 here A is constant. Figure 8 shows the plots of dielectric loss () versus 𝑙𝑛() for the 

glassy alloys. The loss behaviour is also confirmed from the straight line graph between 𝑙𝑛() 

and 𝑙𝑛() shown in figure 9. The values of power ‘m’ calculated from the slope of these plots 

have been found negative for all the samples. The values of m are plotted as a function of 

temperature shown in figure 10. To explain the dielectric relaxation in chalcogenide glasses, 

Guintini [15, 27] have proposed a model based on Elliot’s [13, 28] idea of hopping of charge 

carrier over the potential barrier formed due to columbic interaction between neighbouring sites 

forming dipoles between the charged defect states. The defect states D
+
 and D

-
 which forms 

dipoles are also responsible for the transport properties of the material. The relaxation time of 

charge carriers depends upon the activation energy. As suggested by this model, the dielectric loss 

at a particular frequency and temperature range where the dielectric dispersion occurs is given by 

[15] 

 

 =  (𝑜 − 𝜀∞) 2𝜋2𝑁 (
𝑛𝑒2

𝜀𝑜
)

3

𝜅𝐵𝑇𝜏𝑜
𝑚𝑊𝑚

−4𝑚                                      (8) 

 

where n is the number of electrons that hop, N is the concentration of localized sites, 𝑜 is 

static dielectric constant, 𝜀∞ dielectric constant at infinitely high frequencies. Wm is the maximum 

barrier height which can be calculated from the slopes of the straight lines obtained from plots 

between ‘m’ and temperature are shown in figure 10. The value of m is related to temperature as 

follows 

 𝑚 =
−4κBT

Wm
                    (9) 

 

The relaxation time is also given by 

 

𝜏 = 𝜏𝑜𝑒𝑥𝑝(
𝑊

𝐾𝐵𝑇
)    (10) 

 

             It has been observed that there is decrease in the dielectric loss with increase in frequency 

and increases with rise in temperature which is clear from equation (8) also. The values of Wm are 

calculated by using equation (9) and these values are found as 0.1214eV, 0.1120eV, 0.1169eV, 

0.06365eV and 0.0636eV for samples at x= 8, 9, 10, 11, 12 respectively.  
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Fig. 8 Variation of 𝜀′′with 𝑙𝑛(𝜔) at different temperatures for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 
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Fig.9 Variation of  𝑙𝑛(𝜀′′) with 𝑙𝑛(𝜔) at different temperatures for Te9Se72Ge19-xSbx(8≤ x ≤ 12) glassy alloys 
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Fig. 10 Variation of parameter ‘m’ with temperature for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 
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            It has been observed that the dielectric loss increases as temperature increases and is 

having different values at different frequencies. The dielectric loss is also frequency dependent and 

it is large at low frequencies and at higher frequencies this loss decreases. 
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Fig. 11 Variation of dielectric constant (ɛ') with the temperature at different  

frequencies in Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys 

 

 

Figure 11 shows the temperature dependence of dielectric constant (ɛ') at different 

frequencies for Te9Se72Ge19-xSbx (8 ≤ x ≤ 12) glassy alloys. There is large variation in dielectric 

constant with increase in temperature at lower frequencies; dielectric constant at higher frequency 

above 10 KHz becomes approximately constant with temperature.  

  

 

4. Discussion 
 

             The behaviour of dielectric constant with frequency and temperature depends upon various 

kinds of polarization such as ionic, electronic, and orientational and space charge polarization. The 
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electronic polarization arises from the displacement of the valence electrons relative to the positive 

nucleus which can occur at frequencies upto10
16

Hz. The ionic polarization is due to the 

displacement of negative and positive ions with respect to each other and the maximum frequency 

at which ionic polarization takes place is 10
13

 Hz. When molecules possess the permanent dipole 

moments which change their orientations on the application of electric field, it is called 

orientational polarization and this takes place at frequencies up to 10
10

 Hz. Space charge 

polarization is due to impedance mobile charge carriers by interfaces. The space charge 

polarization occurs at a frequency ranging from 1Hz to10
3
Hz. The variation of dielectric constant 

with ac field frequency depends on all these polarizations [26]. When the applied field frequency 

is increased, the orientational polarization decreases as it takes more time than electronic 

polarization. The dipoles are not able to respond sufficiently to follow the field. Hence dielectric 

constant decreases with increasing frequency and approaches to a constant value at higher 

frequency. 

On the other hand increase in dielectric constant with the rise in temperature over the 

whole frequency range can be attributed to the fact that orientational polarization depends upon the 

thermal motion of molecules. These dipoles remain frozen as they cannot orient themselves at low 

temperature. The facilitation of the orientation of the dipoles with increase in temperature 

increases the orientational polarization. Hence the dielectric constant increases as temperature 

increases. At higher temperature dipoles become rotationally free and the effect of molecular 

interaction energy reduces than thermal energy [29]. With increase in Sb concentration there is an 

increase in density of defect states in the material and hence the dielectric constant increases with 

the increase in Sb concentration. The different bonds present in the material possess the covalent 

character whose percentage can be calculated as; 

             Covalent character   = 100% exp(−0.25(𝜒𝐴 − 𝜒𝐵)2) , here 𝜒𝐴  and    𝜒𝐵  are the 

electronegativities of atoms A and B respectively. The percentages of covalent character for 

different bonds are calculated as Te-Se 95.06%, Sb-Se 93.44 % and Ge-Se 92.96%. Hence the 

ionic polarization does not have the significant effect in the total polarization, as material has the 

good percentage of covalent character [30]. 

             In our composition, dielectric loss (𝜺′′) decreases with frequency and increases with an 

increase in the temperature. Dielectric loss (𝜺′′ ) also depends upon polarization. There is the 

frequency dependence of the dielectric loss and found to follow the   ∝  𝑚
 relation. The 

increase in dielectric loss (𝜺′′) with temperature can be explained according to Stevels [31]. The 

dielectric loss depends on conduction losses, dipole losses and vibration losses. The conduction 

losses involve the migration of ions over a large distance, when the ions jump over the highest 

potential. As these ions move they impart some of their energy to lattice in the form of heat and 

this heat lost per cycle of field is proportional to σ/ω. As the conductivity is small at low 

temperature, these losses are small. As the temperature increases, the conductivity increases, 

conduction losses also increase. So the dielectric loss increases with rise in the temperature and 

decreases with increasing frequency as the conduction losses are inversely proportional to 

frequency. At low frequency, the migrations of ions are the source of the dielectric loss. At 

moderate or low frequency range there is high value of dielectric loss due the conduction loss of 

the ions migration and ion polarization loss. At high field frequency dielectric loss () decreases 

as ions vibrations is the only source of dielectric loss. 

 

 

5. Conclusion 
 

The material has been prepared by the melt quenching technique. For the dielectric study of the 

material, pallets coated with silver are investigated. Dielectric dispersion has been studied below 

the glass transformation region in frequency range 500 Hz to 1 M Hz. Conductivity has also been 

studied and found to increase with rise in temperature which shows the semiconducting behaviour 

of the material along with frequency dependence showing hopping conduction mechanism in the 

material. Conductivity and dielectric response both have the temperature and frequency 

dependence exploring the material’s nature.  
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