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ABSTRACT 
The random free energy barrier hopping model is used to investigate the temperature and frequency dependent ac 
conductivity σac(ω) of ternary chalcogenide glasses Se85-xTe15Inx (x=2, 6,10 and 15). The temperature dependent barrier 
height leads to Meyer- Neldel rule. The MN energy is estimated using experimental estimates of band gap, dielectric 
function, glass transition temperature and dc conductivity. The σac(ω) is taken as the sum of bipolaron and single 
polaron hopping conductivities σb(ω) and σs(ω) respectively. It is found that σs(ω) is quite small as compared to σb(ω) in 
the given temperature and frequency range Se85-xTe15Inx(x =2, 6, 10 and 15) glasses. The band of high energy acoustic 
and low energy optical phonons contribute in the hopping process. The calculated results are in close agreement with the 
experimental data. 
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1. INTRODUCTION  
Chalcogenides glasses have been investigated extensively in recent years due to their technological properties. 
Doped impurities effect on amorphous semiconductor is of greater interest. The effect of impurities depends 
on the mechanism and structure of the material [1]. Se-Te based chalcogenides have received particular 
attention because of their high potential for application in electronics. Among these glasses, Se-Te alloys 
recently gained much importance as these alloys are found to be more photosensitive and harder than 
amorphous Se. They also have higher glass transition and crystallization temperature and a smaller ageing 
effect than pure amorphous Se. Moreover, addition of third element such as In to binary chalcogenide glasses 
produces a higher stability. The insertion of the third element expands the glass forming area and also creates 
compositional and configurational disorder in the system.  
Exposure to light or heat that excite electron–hole pairs produce structural changes in nearly all 
chalcogenides. The results changes with atomic configuration and a subsequent change in the physical 
properties such as structure, optical and electrical properties of the material [2,3]. Measurement of frequency 
and temperature dependence of ac conductivity has been found to be powerful tool to investigate gap states. 
We have calculated ac conductivity of these ternary chalcogenides using Random Free Energy Barrier 
Hopping Model (RFBH)[4]. In this hopping model temperature induced electronic and configurational 
disorders are taken in to account through temperature dependent hopping barriers height and in relaxation 
time. Further Coulomb correlation in polarizability and defect distribution is also taken in to consideration. 
In view of this, we found it interesting to explain the ac conductivity of Se based chalcogenides with RFBH. 
The calculated results are found in agreement with the experimental data. The plan of this paper is as follows: 
The essential formalism is presented in Sec. II. Calculations and results are given in Sec. III and conclusion is 
in Sec. IV. 
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II. FORMALISM 
The real part of ac conductivity for the applied field frequency ω is given as [5]  
𝜎(!" ) 𝜔 = 𝑁! 𝛼 𝜏,∆𝐸!!"#

!!"#

!!!
!!!!!!

𝑛 𝜏 𝑑𝜏,                                                                                                  (1) 
where the pair polarizability function  is 
𝛼 𝜏,∆𝐸 = (!")!!!

!"!!!!"#!!(
∆!(!)
!!!!

)
  .                                                                                                                            (2) 

𝑁! is the density of accepter sites and 𝑁! = 𝑁/2, if N is the defect number density of localized sites. 𝜏!"# and 
𝜏!"# are the minimum and maximum values of relaxation time for carrier hopping, n(τ)dτ is the probability of 
a given pair of sites to have the relaxation time between τ and τ+dτ.  Here n=1, 2 for single and bipolaron 
hopping respectively, e is the electronic charge, ΔE(r) is the difference between energy levels of the pair of 
states, kB  and T are the Boltzmann constant and temperature respectively.  
In the random free energy barrier hopping model the free energy barrier height [4] 

𝐹 = 𝑊! − !!!!

!"
,                                            (3) 

where Wm is the maximum hopping barrier height, ε is the dielectric constant and  
𝐹 = 𝑊 − 𝑇𝑆,                                            (4) 
which is reduced from its temperature independent barrier height W by maximum entropy barrier TS. Using 
Eqs.(3) separation r between pair of sites is given as   

𝑟 = !!!!

!(!!!!)
.                                           (5) 

The spatial distribution of defects at the given temperature T is [6] 

𝑝 𝑟 𝑑𝑟 = 4𝜋𝑟!𝑁𝑒𝑥𝑝 !!!!

!"!!!
𝑑𝑟,                                                           (6) 

where !!!!

!"
 is the Coulomb interaction between defect pairs, z2= z1z2, z1 and z2 are the charge units on the 

defects D+ and D- respectively. The relaxation time in extreme non-adiabatic limit is written as  
𝜏 = 𝜏!exp (𝐹/𝑘!𝑇),                                                         (7) 
where   
𝜏! = 𝜏! exp (2𝛼𝑟).                                            (8) 
As α is difficult to determine and the defects in the very narrow range of separation contribute to the hopping 
process, therefore we consider αr = ξ(ω), a parameter which depends on field frequency ω [7] using 
𝑛 𝜏 𝑑𝜏 = 𝑝 𝑟 𝑑𝑟 = 𝑝 𝐹 𝑑𝐹  
Substituting polarizability function in Eq. (1) and use of Eqs.(5), (6) and (7) gives 

𝜎!" =
!"#!!!

!"
!

!"#!!(∆!(!)!!! !
)
𝑟! !"

!!!!!!
exp ( !

!!!

!!!"#
) !"
!

!!"#
!!"#

.                                          (9) 

The τmin and τmax are the extreme values of τ by putting F=0 and F= Wm in  Eq.(7)respectively.We consider 
Coulomb correlation only between two participating defects sites [8] i.e. 

∆𝐸 𝑟 ≈ !!!!

!"
= 𝐸! 𝑟 .                                         (10) 

The contribution to the integral between the limits 0 and τmin and τmax to ∞ is negligible, therefore the limits of 
integration are extended from 0 to ∞. Further (ωτ/1+ω2τ2) is sharply peaked at ωτ ≈1 in the domain of F, 
therefore integral in Eq.(9) is evaluated at the specific values of r and F and this gives [9]. 

𝜎!" =
!!!"!! 

!"!"#!!(!!(!!)!!!!
)
𝜔𝑟!! exp

!! !!
!!!

,                                         (11) 

where rω and Fω are those values of r and F for which ωτ ≈1. And  
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𝑟! =
!!!!

! !!

!

[!!!!!!!
!" !!!! !!"

!!
]
                                     (12) 

Here Wtis the maximum barrier height, Wm=2(Eg - Edc), where Eg is the optical band gap and Edc is the static 

barrier height for dc conduction given as 𝐸!" =
!
!
(2𝐸! −

!!!!!

!!!
) and rp is the percolation radius. 

We define the Meyer – Neldel (EMN) energy as [10] 
 

𝐸!" =
!!!!"
!

= 𝑘!𝑇! .                                   (13) 

Where Tc is the characteristic temperature of the material. 
The iterative solution of integral Eqs. for dc conductivity and external conductance and use of random free 
energy barrier and single polaron hopping leads to an expression 𝜎!"as [10] 

𝐸!" =
!!"

(!!"!!!
!!" (!!"!!!

))
,                                   (14) 

here true pre exponential factor 

𝜎!! =
!!!!!!!!

!"!!!!
𝜐!,                                   (15) 

here 𝜃! is Debye temperature and 𝜐!is the jump frequency and percolation radius and density of defect states 
are related as  

𝑟! = ( !!!
!!!!

)!/!,                                   (16) 

where Bp= 2.7 for three dimensional solids and we take statistical value of Ns as 

𝑁! = 𝑁!exp (!!"
!"#

!!!!
).                                   (17) 

Where𝑁! = 2(!!!!!!!!
!!

)!/!, here mw is the weighted average atomic mass of the alloy, Tg is the glass 

transition temperature, h is Planck’s constant and 𝐸!"
!"# is the experimental dc activation energy. EMN is 

calculated for 𝜈! = 𝜈!, the Debye frequency. 

 
III. CALCULATION AND RESULTS  
For Se85-xTe15Inx (x = 2, 6, 10 and 15) σdc, T, Edc and ε are taken from the measurements and estimates of 
Kumar et al. [11,12], Ns and mw are calculated as described in Eq.(17). The Tg for Se79Te15In6 and Se70Te15In15 
are taken from the estimates of Patial et al. [13] and Tripathi et al. [14] respectively and Tg for Se83Te15In2 and 
Se75Te15In10 is estimated using the linear relation between Tg and X obtained from the data given in the ref. 
[13,14]. The increase of σdc is not linear with Inx, it is maximum for x=10. Similar non-linear relation is found 
between Eg and X by Singh et.al [15] for Se100-xInx alloy, which also shows the minimum Eg for X=10. 
Therefore we estimated Eg for Se85-xTe15Inx alloy using the graphical relation given by authors. These 
parameters are presented in Table I and calculated values of EMN are presented in the Table II. The EMN for 
Se85-xTe15Inx  (x =2, 6, 10 and 15) glasses are between 51 meV to 97 meV. 
The σac of these chalcogenides is calculated with τ0 = 10-13 sec., a particular values of N and varied values of 
2ξω with ω using bipolaron hopping. These results were close to the experimental data in the low and 
intermediate temperature range and too low as compared with the experimental data at higher temperature. 
Therefore single polaron hopping contribution is also added and σac is written as [16], 
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𝜎!" = 𝜎! + 𝜎!! + 𝜎!" = 𝜎! + 𝜎!,                                       (18) 
where σb, σsh and σse are the conductivities due to bipolaron, single hole polaron and single electron polaron 
hopping respectively. 
The expression for σb is same as given in Eq.(11). However to calculate σs we take n=1 and replace N2/2 by 
(N2/4)exp (-Ueff/2kBT) in Eq.(11). Here Ueff, the energy released in the annihilation process of charged defects 
D+ and D- , is given as  
𝐸! = 𝑊! +𝑊!  + 𝑈!"".                                       (19) 
Where W1 is the energy required to take a hole from D0 defect to valence band and W2 is the energy to take an 
electron from defect centre D+ to conduction band. Therefore we take Wm = W1 for the hole polaron hopping 
and Wm= W2 for the electron polaron hopping. As the hole mobility is larger than electron mobility, we keep 
W1<W2. 
1. Se85-xTe15Inx (x = 2, 6, 10 and 15) 
In the low and intermediate temperature range, 𝜎!"(ω) of Se85-xTe15Inx for x= 2 is calculated by considering 
only bipolaron hopping with N = 1.49×1022 cm-3 and 2ξω=4.0 for ω= 2 KHz. The density of defect states will 
change slightly for 5 KHz with N=1.09×1022 cm-3 and 2ξω= 3.0. Similarly for 20 KHz with N= 6.76×1021 cm-3 
and 2ξω= 2.0. Keeping the same values of N and 2ξω for particular frequencies, the single polaron hopping 
contribution is added and the best explanation is obtained with W1= 0.60 eV and W2= 0.62 eV at higher 
temperature as shown in Fig.1. The relaxation time for 2 KHz, 5 KHz and 20 KHz frequencies are 5.46×10-12 
sec., 2.0×10-12 sec. and 7.38×10-13 sec. and corresponding hopping frequencies are 1.83×1011 Hz, 5.0×1011 Hz 
and 1.35×1012 Hz respectively. Further in case of Se79Te15In6, we consider only bipolaron hopping with N= 
2.21×1022 cm-3 and 2ξω= 5.8 for ω= 2KHz. The density of defect states for 5 KHz are N= 1.59×1022 cm-3and 
2ξω= 5.0. Similarly for ω=20 KHz, N= 1.019x1022 cm-3 with 2ξω= 4.2. Keeping the same values of N and 2ξω 
for a particular frequencies, the single polaron hopping contribution is added and the best explanation is 
obtained with W1= 0.58 eV and W2= 0.60 eV at higher temperature as shown in Fig.2. The relaxation time for 
2KHz, 5KHz and 20KHz frequencies are 3.30×10-11 sec., 1.48×10-11 sec. and 6.66×10-12 sec. and 
corresponding hopping frequencies are 3.03×1010 Hz, 6.75×1010 Hz and 1.49×1011 Hz respectively. 
Similarly for Se75Te15In10, we consider only bipolaron hopping with N= 3.25×1023 cm-3 and 2ξω= 9.0 for ω= 2 
KHz. The defect states will change slightly for 5 KHz with N= 2.4×1023 cm-3 and 2ξω= 8.0. Similarly for 20 
KHz, density of defect states N= 1.45×1023 cm-3 with 2ξω= 7.0. Keeping the same value of N and 2ξω for 
particular frequencies, the single polaron hopping contribution is added to obtain best explanation with W1= 
0.50 eV and W2= 0.52 eV at higher temperature as shown in Fig.3. The relaxation time for 2 KHz, 5 KHz and 
20 KHz frequencies are 8.10×10-10 sec., 2.98×10-10 sec. and 1.09×10-10 sec. and corresponding hopping 
frequencies are 1.23×109 Hz, 4.58×109 Hz and 9.17×109 Hz respectively. The same procedure is followed for 
Se70Te15In15 with N= 3.52×1023 cm-3 and 2ξω= 4.0 for ω= 2 KHz. The density of defect states reduces slightly 
for 5 KHz with N=2.56×1023 cm-3 and 2ξω= 3.0. Similarly for 20 KHz, N=1.58×1023 cm-3 with 2ξω= 2.0. 
Keeping the same values of N and 2ξω for particular frequencies, the single polaron hopping contribution is 
added as earlier with W1= 0.60 eV and W2= 0.64 eV at higher temperature as shown in Fig.4. The relaxation 
time for 2 KHz, 5 KHz and 20 KHz frequencies are 5.45×10-12 sec., 2.0×10-12 sec. and 7.38×10-13 sec. and 
corresponding hopping frequencies are 1.83×1011 Hz, 5.0×1011 Hz and 1.35×1012 Hz respectively. 
 
IV. CONCLUSION 	
The random free energy barrier-hopping model is used to explain 𝜎!" 𝜔  of Se85-xTe15Inx (X = 2, 6, 10 and 
15). The 𝜎! 𝜔  contribute substantially at low and intermediate temperature, while 𝜎!(𝜔) contribute at higher 
temperature range. It has been observed that there is slight decrease in density of defect states with increase in 
applied field frequency. This minor change may be due to annihilation of defects. The high-energy acoustic 
and low energy optical phonons assist the hopping process.	
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Table 1: Estimated parameters of Se 85-xTe15Inx (x = 2, 6, 10 and 15) chalcogenides. 
Eg (eV): Optical band gap, ε: Dielectric constant,  mw (a.m.u.): Weighted average atomic mass of 

chalcogenide, Tg (K): Glass transition temperature, 𝜽𝑫(K):Weighted averaged Debye temperature,  
𝑬𝒅𝒄
𝑬𝒙𝒑(eV): Experimental dc activation energy, 𝝈𝒅𝒄(Ω-1cm-1): dc conductivity at temperature 293 K. 

Chalcogenides Eg (eV) ε  mw (a.m.u) Tg (K) 𝜽𝑫(K) 𝑬𝒅𝒄
𝑬𝒙𝒑 

(eV) 

𝝈𝒅𝒄 
(Ω-1cm-1) 

Se83Te15In2 1.46 19.6 86.97 337 62.07 0.43 8.56×10-8 

Se79Te15In6 1.40 24.9 88.41 340 62.5 0.49 7.19×10-8 

Se75Te15In10 1.25 43.2 89.84 344 62.95 0.29 1.7×10-6 

Se70Te15In15 1.48 70.0 91.63 349 63.50 0.44 1.32×10-7 

 
Table II: Calculated parameters used in calculation of 𝝈𝒂𝒄 

 EMN (meV): Meyer- Neldel energy, Edc (eV): Static barrier height, Wm (eV), W1 (eV) and W2 (eV) are 
maximum barrier height for bipolaron, single hole polaron and single electron polaron hopping 

respectively and Ueff (eV): Effective negative correlation energy, N is the number density of charged 
defects. 

Chalcogenides Wm 
(eV) 

W1 
(eV) 

W2 
(eV) 

Ueff 
(eV) 

Edc 
(eV) 

EMN 
(meV) 

N 
(cm-3) 

Se83Te15In2 1.14 0.60 0.62 0.24 0.89 57 1.49×1022 

Se79Te15In6 1.02 0.58 0.60 0.22 0.89 54 2.21×1022 
Se75Te15In10 1.25 0.50 0.52 0.23 0.62 97 3.25×1023 
Se70Te15In15 1.04 0.60 0.64 0.24 0.96 51 3.52×1023 

 

 
Fig.1 

 
Fig.2 
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Fig.3                                                                           Fig.4	
Fig.(1-4): The temperature dependence of σac(ω) Se 85-xTe15Inx (x = 2, 6, 10and 15) of the configuration 

at 2, 5 and 20 KHz frequencies. Thin solid lines represent bipolaron hopping conductivity σb(ω), dotted 
lines represent single polaron hopping conductivity σs(ω) and thick solid lines represent total 

conductivity [σac(T) = σb(ω) + σs(ω)]. The circles represent experimental values of σac                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
(ω) at 2, 5 and 20 KHz frequencies respectively [11]. 
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