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Abstract 

The rationale of this study is to investigate band gap tailoring of Sb-Se-Sn chalcogenide 

glasses. This study has been accompanied by the assessment of various theoretical 

parameters such as average co-ordination number, Lone-pair of electrons, number of 

constraints, average heat of atomization, mean bond energy and glass transition temperature. 

It has been observed that almost all these physical parameters have been enhanced with the 

increase in tin (Sn) content except Lone-pair of electrons. The number of lone-pair electrons 

has been decreased with the increase in Sn content. The glass transition temperature has 

been observed to increase due to the addition of Sn atom in the Se-Sb glassy system. The 

band gap is decreasing with increase in Sn content due to overall decrease in the average 

single bond energy of the Sb-Se-Sn glassy system. 

Keywords: Sb-Se-Sn; Chalcogenide glasses; Melt quenching; Co-ordination number; 
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1.   Introduction 

Chalcogenide glasses are considered as single molecular complex having large covalent 

bonds. These glasses are formed by sulphur (S), selenium (Se) and tellurium (Te). Some 

dopants like germanium (Ge), arsenic (As), antimony (Sb), etc. are also added for their 

formation. Reversible phase transformation is well noticed in Se and is widely used as 

amorphous semiconductor in photocells, Xerography, memory switching etc. [1]. Se is 

considered as good material for making chalcogenides but it is having the disadvantage of 

smaller life span and deprived sensitivity. Due to this reason, Se is doped with other 

impurity atoms like Ge, In, Sb etc. to enhance sensitivity, crystallization temperature and 

reduce ageing effects [2]. Chalcogenide glasses are considered special because their 

transmission exists in the middle and far-infrared spectra and refractive index is also high 

[3]. 
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 Chalcogenide glasses have several useful properties in the fields of infra-red optical 

elements, optical fibres and storage apparatus [4,5]. A large variation in physical 

properties is noticed by small variations in chemical compositions. Formation of such 

alloys is mostly done by melt-quenching technique [6]. Chalcogenide glasses are 

considered as amorphous semiconductors because of non-availability of larger-range 

order. This property of amorphous semiconductors helps in modifying optical properties 

by altering its chemical composition [7]. By observing the connection of optical properties 

and chemical variations of the Sb-Se-Sn glassy system, we can manufacture a wide range 

of optical devices [8]. Chalcogenide glasses are also known as lone pair semiconductors 

and these lone pairs are responsible for chemical disorder. By varying the composition of 

Sn in Sb-Se glassy system, there is variation in bond formation leading to structural 

change in Sb-Se-Sn [9]. Also by variation of Sn in Se based chalcogenide glasses, there is 

increase in semiconducting properties of the material [10]. The Sb-Se system is 

considered good for research work due to better hardness and high crystallization 

temperature. Addition of the element tin (Sn) may bring changes in electrical and optical 

properties of Sb-Se system significantly. Sharma et al. [11] reported that the addition of 

metal impurities increase the refractive index and thus significantly lower the optical band 

gap. 

 The main emphasis of present work is to study the system Sb14Se86-xSnx (x=0, 3, 6, 9, 

12, 15) theoretically. Theoretical studies have been carried out to calculate the 

coordination number, constraints number, quantity of lone pair electrons, bond energies of 

compositional elements, atomization heat, energy of cohesion, energies of mean bond and 

transition temperature of the glassy alloy has been calculated by taking in account the 

model projected by Tichy and Ticha [12,13]. The variation in concentration of Sn used to 

create compositional and configurationally disorder in the material. It has been established 

that physical properties in this system are highly composition dependent. The present 

work is concerned with theoretical predictions of some physical parameters related to 

composition. 

 

2. Experimental  

 

The samples of Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system were prepared by 

conservative melt quench procedure. High purity elements Sb, Se, Sn of 99.99% purity 

(CDH Brand, India) were taken with respect to their atomic percentages and were sealed 

in vacuated (10
-4

 Pa) quartz ampoules. Before sealing, quartz ampoules were washed with 

concentrated H2SO4 followed by cleaning with distilled water. Then sealed ampoules were 

kept inside muffle furnace (BST/MF/1100, India) and temperature was increased up to 

1000 °C with a heating rate of 3-4 °C/min. The ampoules were then frequently rocked for 

9 h to make the homogenous melt. Cold treatment was instantly given to the samples so 

that their amorphous nature is maintained with the help of melt quench technique. The 

next step was to extract the material from the quartz tubes. The material was grinded to 
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fine powders and the samples were utilized for X-ray diffraction analysis. The detailed 

experimental technique has been given elsewhere [14]. 

 

3. Results and Discussion 

 

3.1. Estimation of co-ordination number (m) and number of constraints 

 

Co-ordination number is the number of atoms, molecules or ions bounded to the central 

atom. The coordination number depicts the number of orbital available for bonding and it 

depends on the geometrical arrangement of the ligands. The calculation of average co-

ordination number for Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system has been done by 

the following formula [15]: 

 

  
                

   
                                                          (1) 

 

Here α, β and γ are the atomic % of Sb, Se and Sn respectively and N(Sb), N(Se), N(Sn) are 

their respective coordination numbers. The co-ordination numbers of Sn, Sb, Se have been 

calculated 4, 3, 2 respectively by 8N rule. The average coordination number <m> is 

necessary parameter for the ternary Sb14Se86-xSnx (x = 0, 3, 6, 9, 12, 15) glassy system to 

test the validity of topological concepts because of its large glass forming domain [4]. By 

varying content of Sn in Sb-Se-Sn glassy system, there is an increase of average co-

ordination number from 2.14 to 2.44. A prominent increase in the co-ordination number is 

clearly seen in Table 1 (2.14 ≤ m ≤ 2.44) which evidently indicates the increase in 

tendency of cross linking of atomic chains in Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) system. 

Thus, the glassy system under observation is compactly packed and amorphous in nature. 

According to constraint theory, mechanical constraints (Nc) plays an important role in 

explaining glass forming behavior. Mechanical constraints have close association with 

atomic bonding and the average coordination number (m). Covalent solids are associated 

with two types of bonding forces viz. bond-stretching (Na) and bond-bending (Nb) which 

are directly linked with the structural formation of the glassy network. For a glassy system 

with average coordination number (m), bond-stretching (Na) and bond-bending (Nb) 

parameters are given by: bond-stretching (Na) = m/2; and bond-bending (Nb) = 2m-3. The 

addition of bond-stretching and bond-bending forces gives average number of total 

constraints (Nc): 

 

Nc= Na + Nb                                                                                                   (2) 

The effective co-ordination number is given by: 

<meff> = ⅖ (Nc + 3)                                                                                                  (3) 

 

The values of bond-stretching (Na), bond-bending (Nb), average number of total 

constraints (Nc) and effective co-ordination number <meff> are listed in the Table 1. 
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 According to Phillips and Thorpe [16,17], the best possible glass compositions are 

those in which the number of constraints exactly equals the degrees of freedom which lead 

towards the isotactic structure of the glassy system. The arrangement of atoms in the 

minimum energy state pattern in crystalline status is very easy and smooth in the floppy 

regime (mean co-ordination number < 2.4). Also there is easy percolation of the rigid 

structures all through the system in the over-constrained regime (mean co-ordination 

number > 2.4) which also results in crystallization. The average number of constraints 

increases with the increase in Sn content. In the present glassy system the best glass 

formation occurs for m = 2.44 for x = 15 percentage sample. Thus we can analyze from 

the constraint theory that there is mechanical softening in covalently bonded networks and 

as the coordination number increases the glassy network is shifted from floppy mode to 

rigid mode.  

 
Table 1. Average co-ordination number (m), number of constraints arising from bond stretching 

(Na), number of Constraints arising from bond bending (Nb), average number of Constraints (Nc), 

effective co-ordination number <meff> for Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system. 
 

Composition M Na Nb Nc <meff> 

Sb14Se86 2.14 1.07 1.28 2.35 2.14 

Sb14Se83Sn3 2.20 1.10 1.40 2.50 2.20 

Sb14Se80Sn6 2.26 1.13 1.50 2.65 2.26 

Sb14Se77Sn9 2.32 1.16 1.64 2.80 2.32 

Sb14 Se74 

Se12 

2.38 1.19 1.76 2.95 2.38 

Sb14 Se71 

Sn15 

2.44 1.22 1.88 3.10 2.44 

 

3.2. Role of lone-pair electrons and glass forming ability 

 

The non-bonding electrons pair lying in valence band is known as lone pair of electrons 

(L). Chalcogenide glasses possess the lone-pair electrons and the presence of lone-pair 

electron removes the strain caused by the formation of amorphous materials and will 

favour glass formation. The difference of valance electrons of the system and shared 

electrons gives the number of lone-pair of electrons i.e.,                                                                           

L = V - m                                                                                                                            (4) 

 

where L and V are the lone-pair electrons and valence electrons respectively. It has been 

proposed by Philips [17] that the introduction of the average coordination number leads to 

the evaluation of the lone-pair of chalcogenide glassy system. The number of lone-pair of 

electrons for Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system is calculated by using the 

above relation (4) and the observed values of the lone-pair of electrons have been listed in 

Table 2. It is observed that the number of lone-pair of electrons decreased with the 

increase in Sn content to the Sb-Se glassy system. This is due to the interaction between 

the Sn ion and the lone pair electrons of a bridging Se atom. Therefore the interaction 

decreases the impact of lone-pair electrons in the glass formation. Zhenhua [18] reported a 
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simple criterion for calculating the power of a chalcogenide system to maintain its glassy 

state. This criterion gives the study of number of lone pair electrons needed for obtaining 

the system in its glassy state. The glass formation ability in chalcogenides has been 

proposed by Ammar et al. [19]. The Criterion proposes that for a binary system the 

number of lone-pair electrons must be larger than 2.6 and for ternary system it must be 

larger than 1. For Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system the values of lone pair 

electrons lie in the range from 3.72 to 3.12 i.e., L > 3 for all compositions. Therefore, 

these compositions are good glass formers.  

 
Table 2. Number of lone-pair of electrons, optical band gap, bond energies of different 

bonds possible in Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy system. 
 

Composition m V L=V-m Bond energy 

(eV/bond) 

Optical 

band gap Eg 

(eV) 

Sb14 Se86 2.14 5.86 3.72 1.483 1.58 

Sb14 Se83 Sn3 2.20 5.80 3.6 1.908 1.54 

Sb14 Se80 Sn6 2.26 5.74 3.48 1.309 1.50 

Sb14 Se77 Sn9 2.32 5.68 3.36 2.134 1.47 

Sb14Se74 Sn12 2.38 5.62 3.24 1.906 1.43 

Sb14Se71Sn15 2.44 5.56 3.12 1.405 1.40 
 

 
Fig. 1. Variation of lone-pair of electrons (L) with average coordination number < m > for Sb14Se86-

xSnx (x=0, 3, 6, 9, 12, 15) glassy system. 

 

3.3. Deviation from the stoichiometry of composition 

 

The ratio of possible covalent bonds of chalcogen atoms to that of nonchalcogen atoms in 

the system is known as deviation of stoichiometry (R) which decides the nature of the 

material i. e., for R greater than 1 the material is chalcogen rich, for R less than 1 the 
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material is chalcogen poor and R equal to 1, is threshold value where heteropolar bonds 

exists. The value of R plays an immense role in the interpretation of the results. Various 

chalcogenide systems can be arranged in three categories depending on the value of R. If 

the value of R comes out to be 1 the system reaches the stoichiometry composition. This 

may be due to the presence of hetero-polar bonds. If the value of R comes out to be 

greater than 1 the system is chalcogen rich due to the presence of both hetero-polar bonds 

and chalcogen-chalcogen bonds. If the value of R comes out to be less than 1 the system is 

chalcogen poor. This may be due to the presence of both hetero-polar bonds and metal-

metal bonds. The value of R is obtained by the relation [20-22]: 

 

  
    

         
                                                                                      (5) 

 In the above equation a is the atomic fraction of Sb, b is the atomic fraction of Se and 

c is the atomic fraction of Sn. NSb, NSe, NSn are the coordination numbers of Sb, Se and Sn 

respectively. Fig. 2 clearly shows that all the samples of glassy system under investigation 

is chalcogen rich system i.e., R > 1. There is a deviation from higher chalcogen region to 

the lesser chalcogen region with the increase in Sn content but still far away from being 

chalcogen poor. As the material is chalcogen rich and have high energy lone pair electrons 

leads to different electron densities. 

 
Fig. 2. Deviation of stoichiometry with compositionfor Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy 

system. 

 

3.4. Average heat of atomization 

 

The properties of semiconducting chalcogenide compounds can be observed with the 

average heat of atomization. In chalcogenide glasses, there is a high concentration of the 

group VI element, so the lone pair electrons from the top of the valence band and 

antibonding band form bottom of the conduction bond [23]. Metal atoms can form a 

dative bond with group VI atoms correspond to empty antibonding levels which give 

localized acceptors states in the gap [4]. The optical band gap is linked to the chemical 
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bond energy. For the system under investigation, the heat of atomization has been 

calculated by using relation [24]: 

 

    
   

     
     

 

     
                                                                                     (6) 

 Hs values do not contain the heat of formation because of the electro-negativity of 

constituent elements i.e., heat of formation is unknown in most of the cases of 

chalcogenide glasses. The values of heat of atomization for Sb, Se and Sn are summarized 

in Table 3 and it is observed that average heat of atomization increases with the increase 

of Sn content while the average single bond energy (m) which is a measure of cohesive 

energy decreases with the increase of Sn content. The decrease in average single bond 

energy (HS/m) with the increase in Sn content may cause the decrease of optical band gap 

[15]. The variation in theoretical optical band gap Eg with variation in composition has 

been calculated using the Shimakawa [25] relation; 

 

Eg(Sb-Se-Sn) = aEg(Sb)+ bEg(Se)+ CEg(Sn)                              (7) 

 

where a, b, c are volume fractions and energy gap values for Sb, Se, Sn and have been 

taken as 0.101, 1.95 and 0.9 eV respectively. The calculated values have been tabulated in 

Table 2. It is clear from the table that the optical energy gap decreases with the increase in 

Sn content. This change in optical band gap may be due to change in average bond 

energy. Since optical band gap is bond dependent property so decrease in average bond 

energy results in decrease of optical band gap. According to chemical bond approach, as 

bond energy decreased there is formation of bonds. The addition of Sn in Sb-Se network 

will bring a compositional change in network of Sb-Se system and Sn atoms will form 

cross linking network in Sb-Se. Since bond energy of Sb-Se is higher than bond energy of 

Sn-Se bond, therefore optical band gap decreases with increase in Sn content. 

 

3.5. Mean bond energy and glass transition temperature 

 

The mean bond energy <E> plays important role in determining many properties of 

chalcogenide glass material. The mean bond energy depends upon some parameters such 

as average coordination number, degree of cross-linking, type of bond and bond energy in 

a system. Tichy and Ticha [13] proposed that the bond energy for each bond, i.e., mean 

bond energy <E>, should be taken into account for total networks. The glass transition 

temperature depends upon mean bond energy <E>. Mean bond energy <E> depends on 

factors like average coordination number, nature of bonds and degree of cross-linking 

bond energy. The mean bond energy of the system calculated from the relation. 

<E>= Ec+ Erm                                                                                      (8) 

Where Ec is overall contribution towards bond energy from strong bonds and Erm is the 

contribution due the weaker bonds in SbxSeySnz (where x+y+z = 1). 

In the region of rich selenium concentration  

Ec= 4   ESb-Se + 3zESn-Se                                                                        (9) 
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[        ]      

   
                                                                                                                 (10) 

 The calculated values of the mean bond energy are listed in Table 3. It is observed 

from mean bond energy value that on increasing the Sn content the mean bond energy of 

the system increases.  
 

Table 3. Average heat of atomization, average single bond energy, mean bond energy, glass 

transition temperature and deviation from stoichiometry for Sb14Se86-xSnx (x = 0, 3, 6, 9, 12, 

15) glassy system. 
 

Composition HS 

(eV/bond) 

HS/m <E> Tg(K) R 

Sb14 Se86 2.401 1.121 2.102 373.82 3.07 

Sb14 Se83 Sn3 2.425 1.102 2.136 384.357 2.55 

Sb14 Se80 Sn6 2.448 1.083 2.178 397.459 2.16 

Sb14 Se77 Sn9 2.472 1.065 2.228 412.972 1.77 

Sb14Se74 Sn12 2.500 1.050 2.285 430.716 1.61 

Sb14Se71Sn15 2.518 1.031 2.349 450.515 1.41 

 
Fig. 3. Variation of glass temperature Tg with mean bond energy <E> in Sb14Se86-xSnx (x=0, 3, 6, 9, 

12, 15) glassy system. 

 
 Tichy and Ticha [12,13] theoretically predicted first approximation by covalent bond 

approach to calculate the glass transition temperature Tg for the chalcogenide glass 

system. Tichy and Ticha obtained a good correlation between Tg and <E> in the form 

Tg= 311 [<E>-0.9]                                                                      (11) 

 The above equation satisfies the Arrhenius relation for viscosity. The glass transition 

temperature of the glassy system Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) has been calculated 

and is listed in Table 3. Fig. 3 shows the variation of glass transition temperature with 

mean bond energy. It is found that the Tg of the Sb14Se86-xSnx (x=0, 3, 6, 9, 12, 15) glassy 

system increases with the increasing Sn content. This increase in value of Tg may be due 
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to the increase in density of samples with increasing dopant concentration which leads to 

the increased thermal stability of the glassy system.  

 

4. Conclusion 

The theoretical investigations of various physical parameters for Sb14Se86-xSnx (x=0, 3, 6, 

9, 12, 15) glassy system have been calculated and found that the average coordination 

number, the number of constraints, average heat of atomization, mean bond energy and Tg 

increases with the increase of Sn content, while the number of lone-pair of electrons 

decreases with Sn content. The stoichiometry parameter R decreases due to decrease in the 

content of chalcogen Se and increase in contents of Sn. The theoretical optical band gap 

has been observed to decrease with the Sn content and is well supported by the other 

empirical results. The increase of Tg favours the formation of heteronuclear bonds 

between Sn and Se and heteronuclear bonds are preferred to homonuclear ones. Decrease 

in optical band gap leads to increase in semiconducting properties of chalcogenide glasses 

and this decreasing trend of optical band gap will be helpful in designing more sensitive 

detectors and X-ray imaging applications. 
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