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ABSTRACT 

The extended pair model, random free energy barriers and single polaron hopping are used to obtain Meyer-Neldel 

energy (EMN) in Sb2Se3 and As2Se3(.5At.%Ag) chalcogenides. The available experimental and estimated data for optical 

band gap, dielectric constant, glass transition temperature, Debye temperature, dc activation energy and dc conductivity 

are used to calculate defect density, percolation radius and EMN. The calculated values of EMN are found in good 

agreement with experimental data for both Sb2Se3 and As2Se3(.5At.%Ag) chalcogenides. These values of EMN are used to 

calculate ac conductivity of Sb2Se3and  As2Se3(.5At.%Ag) using random free energy barrier hopping model. The 

calculated results are found in good agreement with the experimental data. The results show that bipolaron hopping 

contribution to ac conductivity is dominant at low and intermediate temperatures while single polaron hopping is 

dominant at higher temperature. It is also found that high energy acoustic and low energy optical phonons assist the 

hopping process in ac conductivity for Sb2Se3, while only acoustic phonons assists in ac conductivity of 

As2Se3(.5At.%Ag). 

KEYWORDS: Chalcogenide, Meyer-Neldel energy, single polaron hopping, bipolaronhopping,density of states. 

 

1.INTRODUCTION 

The layered chalcogenide semiconductors A2B3 (A=Sb, Bi; B=S, Se and Te) have attracted interest due to 

their thermoelectricproperties. These materials have also found their applications in memory switching and 

optical storage [1, 2]. The Ag doping in As2Se3 with Ag concentration less than 15%, leads to the formation of 

Ag-Se covalent bonds resulting in destruction of the glass network and this menifests the decrease in the glass 

transition temperature. Kitao et al.[3] measured 𝜎𝑎𝑐of  As2Se3(.5At.%Ag) in the range of 30 to 1MHz and 

showed the strong temperature dependence as compared with undoped As2Se3. It was assumed that D+ is 

compensated by Ag- and Ef  shifts towards the valence band. The   𝜀 is also supposed to remain unchanged. 

Further it was assumed that single electron polaron hopping dominates. So for single electron polaron hopping  

  𝑁𝑁𝑃 = (𝑁𝑇
2/4)exp (−

𝐸𝑓 − 𝑊1

𝑘𝐵𝑇
) 

The hole hopping was suppressed. However Kastner [4] has indicated that this is the unlikely circumstances 

that it is more likely that Ag is positively charged. Shimakawa suppressed the concentration of 𝐷− at the 

expense of increase in the concentration of  𝐷+ centres. Although the temperature dependence of 𝜎𝑎𝑐 is 

changed, but there is singular behaviourin  𝜎𝑎𝑐 as found for undoped As2Se3. 

               We have used random free energy barrier hopping (RFBH) to calculate dc and ac conductivity and 

Meyer- Neldel energy of [5,6] of Asbasedchalcogenides. It is interesting to explain 𝜎𝑎𝑐 of Sb2Se3  measured in 

our laboratory [5] and As2Se3(.5At.%Ag) measured by Kitao et al.[3] using RFBH. The necessary formalism 

is presented in sec. II and results are discussed in sec. III. 

 

II. FORMALISM 

The real part of ac conductivity for applied field of frequency (𝜔)  is given as [7]  

 𝜎𝑎𝑐(𝜔) = 𝑁𝑃 ∫ 𝛼(𝜏, ΔΕ)
𝜔2𝜏

1+𝜔2𝜏2

𝜏𝑚𝑎𝑥

𝜏𝑚𝑖𝑛
𝑛(𝜏)𝑑𝜏                                  (1)     
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Where the pair polarizability 

     𝛼(𝜏, Δ𝐸) =
𝑛2𝑒2𝑟2

12𝑘𝐵𝑇𝑐𝑜𝑠ℎ2(
Δ𝐸(𝑟)

2𝑘𝐵𝑇
)
(2)                NP is the defect number density of the acceptor sites and NP=N/2, 

if N is the defect  number density of localized sites. 𝜏𝑚𝑖𝑛and𝜏𝑚𝑎𝑥 are the minimum and maximum values of 

relaxation time 𝜏 for carrier hoppings, 𝑛(𝜏)𝑑(𝜏) is the probabilty of a given pair of sites at separation r 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, r is separation between pair of sites, kB is the Boltzmann constant and T is temperature. 

E(r) is the difference between energy levels between pair of hopping sites at separation r.  

                        In the random free energy barrier hopping model the free energy barrier height [8] 

 𝐹 = 𝑊𝑚 −
4𝑛𝑒2

ℇ𝑟
,      (3) 

Where Wm is the maximum hopping barrier height,  ℰ is the dielectric constant and  

F=W-TS,    (4) 

which is reduced from its temperature independent barrier height W by maximum entropy barrier TS. The 

Eq(3) and (4) yields 

  𝑟 =
4𝑛𝑒2

ℰ(𝑊𝑚−𝐹)
. (5) 

The spatial distribution of these defects at the given temperature T is [9] 

𝑝(𝑟)𝑑𝑟 = 4𝜋𝑟2𝑁𝑒𝑥𝑝(
𝑧2𝑒2

ℰ𝑟𝑘𝐵𝑇
)dr, (6) 

                      Here (−𝑧2𝑒2/ℰ𝑟) is the Coulomb interection between defect pairs 𝑧2 = 𝑧1𝑧2 ,  z1and z2 are the 

charge units on the defect D+ and D- respectively.  For temperature dependent barrier height, in the extreme 

non- adiabatic limit, the relaxation time is written as  

𝜏 = 𝜏0exp (𝐹/𝑘𝐵𝑇), (7) 

and 

𝜏1 = 𝜏0 exp (2𝛼𝑟). (8) 

Here 𝜏0  is of the order of atomic vibrational period and 𝛼 is the inverse of polaron radius.  As 𝛼 is difficult to 

determine,  and  also the defects  in a very narrow range of separation contribute to hopping process, therefore 

we consider 𝛼𝑟 = 𝜁𝜔, a parameter for applied field frequency 𝜔[10].Substituting polarizability  function given 

in Eq.(2) in Eq.(1) and using Eq.(6), we get 

 

𝜎𝑎𝑐 =
𝜋𝜖𝑛𝑁2𝜔

24
∫

1

𝑐𝑜𝑠ℎ2(
Δ𝐸(𝑟)

2𝑘𝐵 𝑇
)

𝑟6 𝜔2𝜏

1+𝜔2𝜏2 exp (
𝑧2𝑒2

𝑘𝐵𝑇𝜖𝑟
)

𝜏𝑚𝑎𝑥

𝜏𝑚𝑖𝑛

𝑑𝜏

𝜏
. (9) 

The Coulomb correlation between two participating defects sites is [11] 

Δ𝐸(𝑟) ⋍  
𝑧2𝑒2

𝜖𝑟
= 𝐸𝑐(𝑟). (10) 

Using the relation 𝑛(𝜏)𝑑𝜏 = 𝑝(𝑟)𝑑𝑟 = 𝑃(𝐹)𝑑𝐹 and further considering that 
𝜔𝜏

1+𝜔2𝜏2 is sharply peaked at  

𝜔𝜏 ≈ 1 in the domain of F, integral in Eq.(9) is  evaluated at the particular values of r and F, extending the 

integral limits from 0 to ∞. This gives [12] 

𝜎𝑎𝑐 =
𝜋2𝜖𝑛𝑁2𝜔

24𝑐𝑜𝑠ℎ2(
𝐸𝑐(𝑟𝜔)

2𝑘𝐵 𝑇
)

𝑟𝜔
6exp(

𝐸𝑐(𝑟𝜔)

𝑘𝐵 𝑇
),                                                                   (11) 

and 

𝑟𝜔 =
4𝑛𝑒2

𝜖𝑊𝑡

1

[1+
𝑘𝐵 𝑇

𝑊𝑡
ln(𝜔𝜏1𝜔)−

𝑇𝑆

𝑊𝑡
]
.                                                                         (12) 
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here𝑟𝜔and 𝐹𝜔 are those values of r and F for which 𝜔𝜏 ≈ 1, 𝑊𝑡 = 𝑊𝑚 + 𝑇𝑆, the maximum barrier height , 

𝑊𝑚 = 2(𝐸𝑔 − 𝐸𝑑𝑐
0 ), where  𝐸𝑔 is  band gap and 

𝐸𝑑𝑐
0 = (1/3)(2𝐸𝑔 −

4𝑛𝑒2

𝜖𝑟𝑝
),                 (13) 

is the static barrier height and rp is percolation radius. The entropy 𝑆 =
𝑘𝐵𝐸𝑑𝑐

0

𝐸𝑀𝑁
, where 𝐸𝑀𝑁 is Meyer- Neldel 

energy.  

The iterative solution of integral Eqs.for dc hopping conductivity  𝜎𝑑𝑐 and external conductance and use of 

random free energy barrier and single polaron hopping gives [3] the 𝜎𝑑𝑐 [13]  

𝐸𝑀𝑁 =
𝐸𝑑𝑐

0

[(
𝐸𝑑𝑐

0

𝑘𝐵𝑇
+ln (

𝜎𝑑𝑐
𝜎00

))]

.                                                                                                                  (14)  

Here true pre exponential factor  

𝜎00 = (
𝑒2𝑁𝑠

2𝑟𝑝
5

15𝑘𝐵𝜃𝐷
)𝜐0.   (15)  

𝜃𝐷is Debye temperature and 𝜐0 is jump frequency and the percolation radius is related to defect density Ns for 

dc conduction as  

𝑟𝑝 = (
3𝐵𝑃

4π𝑁𝑠
)1/3.                                                                                                                            (16) 

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

𝑁𝑠 =𝑁0 exp (
𝐸𝑑𝑐

𝑘𝐵𝑇𝑔
).  (17)  

where 

𝑁0 ≈ 2(
2𝜋𝑚𝜔𝑘𝐵 𝑇𝑔

ℎ2 )
3

2⁄ ,         (18)  

𝑚𝜔is the weighted average atomic mass of the alloy, Tg is glass transition temperature and Edc is dc activation 

energy.  

 

III. RESULTS     

𝜎𝑎𝑐of the chalcogenides could be explained with single value of N and varied values of 𝜁(𝜔) with 𝜔 in low 

and intermediate temperature range using bipolaron hopping and taking   𝜏0 = 10−13 sec. a typical optical 

mode frequency. However the results were too low as compared to the experimental values at higher 

temperature as at high temperature single polarons due to disintegration of  𝐷0  defects also contribute 

significantly. Therefore [14], we have 

𝜎𝑎𝑐 = 𝜎𝑏 + 𝜎𝑠ℎ + 𝜎𝑠𝑒 = 𝜎𝑏 + 𝜎𝑠,                                                                                           (19) 

  

Where 𝜎𝑏, 𝜎𝑠ℎ and 𝜎𝑠𝑒  are ac conductivities due to bipolaron, single hole polaron and single electron polaron 

hopping respectively.  

The expression 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⁄ ), where 𝑈𝑒𝑓𝑓 is energy released in the annhilation process of charged defects 𝐷+ 

and 𝐷−and related to band gap as  

𝐸𝑔 = 𝑊1 + 𝑊2 + 𝑈𝑒𝑓𝑓, (20)  

Here  𝑊1 is the energy required to take a hole from 𝐷0 defect to valance band and 𝑊2 is the energy to take 

electron from defect centre 𝐷+to conduction band. Therefore we take 𝑊𝑀 = 𝑊1 for hole hopping and 𝑊𝑀 =
𝑊2 for electron hopping.  As the hole mobility is larger than electron mobility we keep 𝑊1 ≤ 𝑊2 . 
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First we explained 𝜎𝑏 in the low  and intermediate temperature range and obtained the best fit values of N and 

2𝜁𝜔. Keeping N and 2𝜁𝜔 same W1 and W2  andUeff are varied to calculate 𝜎𝑠 to explain  the 𝜎𝑎𝑐 at higher 

temperature and the best fit values as given in Table2. 

The low and intermediate range data is explained considering bipolaron hopping with  and𝑁 = 3.26 × 1021 

cm-3  and 2𝜁𝜔=6.3, 5.8 and 5.2 for  1.47 KHz, 10KHz and 31.5KHz respectively and single polaron 

contribution is added to explain ac conductivity at higher temperature. The best fit is obtained with 𝑊1 =
.50 𝑒𝑉, 𝑊2 = .82𝑒𝑉 and for 𝑈𝑒𝑓𝑓 = 0.28 eV. The calculated values for 𝜎𝑎𝑐forSb2Se3 along with experimental 

data of SanjeevGautam et al. [15] are shown in Fig.(1). The calculated results are in close agreement with the 

experimental data particularly at higher temperature and at higher frequencies as compared to those obtained 

in CBH model [15].It is noted that single electron polaron contribution is negligible as compared to the single 

holepolaron hopping contribution. The single polaron hopping contribution increase with increase in 

temperature. 

Using the values of 2𝜁𝜔, the values of effective relaxation time 𝜏1𝜔 are,5.4 × 10−11, 3.3 × 10−11 and 1.8 ×
10−11 and corresponding hopping frequencies are 1.8 × 1012,  3.03 × 1012 and  5.5 × 1012 

respectively.Thus high energy acoustic and low energy optical phonons contribute significantly for the 

hopping process. 

The above procedure is adopted to calculate 𝜎𝑎𝑐 for As2Se3(.5%Ag). The best fit values for low and 

intermediate temperature are  𝜎𝑎𝑐𝑁 = 6.59 × 1018𝑐𝑚−3 and 2𝜁𝜔 are 14.8, 13.5, 11.8, 10.3, 8.8, 7.9 and 7.3 

for 𝜎𝑏 at .03, .110, 1, 10, 100, 300 and 1000 KHz frequencies respectively. The best fit values for 𝜎𝑎𝑐 are 

W1=0.35 eV and W2=0.71 eV. These calculated results for 𝜎𝑎𝑐of  As2Se3(.5%Ag) along with experimental 

data are shown in Fig.(2). The calculated results closely agrees with experimental data. Using above values of  

2𝜁𝜔 the hopping frequencies varies between  3.7 × 108𝑎𝑛𝑑 6.7 × 1011 Hz. This suggest that narrow band of 

acoustic phonons contribute to hopping process. The calculated EMN 54.0 meVfor  a-Sb2Se3 is in agreement 

with estimates of 34.3 meV [16]. EMN of As2Se3(.5%Ag) is 0.75 meV which is nearly same as the estimates of 

As2Se3 and agree with experimental estimates of [6]. 

 

CONCLUSION 

The random free energy barrier hopping model is used to explain  𝜎𝑎𝑐 for Sb2Se3 and Ag doped As2Se3. The 

𝜎𝑏 contribute substaintially at low and intermediate temperature, while 𝜎𝑠 predominate at higher temperature. 

The high energy acoustic and low energy optical phonons assist the hopping process in 𝜎𝑎𝑐 for Sb2Se3 while 

only acoustic phonons assist in 𝜎𝑎𝑐As2Se3(.5%Ag).  
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Table I:Physical parameters of Sb2Se3 and As2Se3(.5At.%Ag) 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 (eV): 

dc activation energy,  𝜎𝑑𝑐(Ω−1𝑐𝑚−1): dc conductivity at temperature 303 (K). 

Chalcogenides Eg 

(eV) 

𝛆 mw 

(a.m.u) 

Tg 

(K) 

𝛉𝐃 

(K) 

𝐄𝐝𝐜 

(eV) 

T 

(K) 

𝛔𝐝𝐜 

(𝛀−𝟏𝐜𝐦−𝟏) 

Sb2Se3 1.6 

[17] 

14.6 

[2] 

96.08 403 

[15] 

262.78 0.42 

[15] 

 

303 3.0× 10−5 

[18] 

As2Se3 (.5At%Ag) 1.73 

[19] 

17.0 

[9] 

77.50 443 

[9] 

100.27 0.78 

[20] 

303 1.7× 10−12 

[20] 

 

Table II: The best fit physical parameters used in calculations of  𝜎𝑎𝑐: EMN (meV): Meyer- Neldel energy,𝐸𝑑𝑐
0  

(eV): Static barrier height, Wm (eV), W1(eV) and W2 (eV) are maximum barrier heights for bipolaron, single  
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hole polaron and single electron polaron hopping respectively, 𝑈𝑒𝑓𝑓(eV): Effective negative correlation 

energy, N is the number density of charged defects. 

 

 

Chalcogenides 𝐄𝐌𝐍 

(meV) 

 

𝐄𝐝𝐜
𝟎  

(eV) 

 

𝐖𝐦 

(eV) 

𝐖𝟏 

(eV) 

𝐖𝟐 

(eV) 

𝐔𝐞𝐟𝐟 

(eV) 

N 

(cm-3) 

Sb2Se3 54.0 0.74 1.6 0.50 0.82 0.28 3.26×1021 

 

 

As2Se3 

(.5At%Ag) 
75.0 1.14 0.93 0.35 0.71 0.16 6.59×1018 

 

Fig 1 :Temperature dependence of ac conductivity of Sb2Se3. Thin lines represent bipolaron hopping 

conductivity (σb), dotted lines represents the single polaron hopping conductivity (σs) and thick lines represent 

total conductivity[(σac(T)=σb +σs]. The circle o represents experimental data of  ac conductivity. Ref.[15]. 
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Fig 2:Temperature dependence of ac conductivity of  As2Se3(.5At.%Ag). The description is the same as of 

Fig.1. Ref.[3] 


