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In the present paper we have theoretically calculated the number of constraints, effective coordination number, optical band 
gap ( opt

thgE , ), oscillator strength and dispersion energy based on Wemple-DiDomenico model, average heat of atomization 

and average single bond energy for a-Ge10Se90-xTex where x = 0, 10, 20, 30, 40, 50. The theoretically calculated and 
experimentally observed optical band gap for a-Ge10Se90-xTex thin films prepared by vacuum evaporation technique at base 
pressure ~10-5 Torr were found to be in good agreement. The results are explained on the basis of density of states model 
proposed by Mott and Devis. 
 
(Received January 5, 2007; accepted June 27, 2007) 
 
Keywords: Thin films, Optical properties, Chalcogenide glasses, Ge-Se-Te 
 

 
 
1.   Introduction    
 
Se based chalcogenide glasses are promising materials 

due to their wide range of applicability in the field of 
infrared optical elements, optical fibres, xerography, 
switching and memory devices, photolithography, 
fabrication of inexpensive solar cells, more recently for 
reversible phase change optical records and are well 
known for their IR transmittance [1-12]. Se in its pure 
state has disadvantages because of its short life time and 
low sensitivity. To overcome this difficulty several 
researcher have worked with the addition of the certain 
additives like Ge, As, Bi, Sb etc [13-16] to make binary 
alloys with Se which in turn give high sensitivity, high 
crystallization temperature and smaller aging effect. With 
the addition of third element like Te, In, Sn etc [17-19] the 
glass forming region is found to increase and creates 
compositional and configurational disorder in the system. 

In our present work, we have prepared thin films from 
a-Ge10Se90-xTex (x = 0, 10, 20, 30, 40, 50) glassy alloys and 
calculated theoretically the effective coordination number, 
number of constraints, average heat of atomization, 
average single bond energy, theoretical optical band gap 
( opt

thgE , ), oscillator strength and dispersion energy based on 
Wemple-DiDomenico model and the compositional 
dependence of band gap by analyzing the transmission 
spectrum of thin films. The optical band gaps so obtained 
are in good agreement with the results calculated 
theoretically. The band tailing parameter (B) is calculated 
from the slope of Tauc plot and is found to be of the order 
of 106. 

 
2. Experimental procedure  
 
Bulk sample of Ge10Se90-xTex where x = 0, 10, 20, 30, 

40, 50 were prepared by the well known melt quenching 

technique. Materials (99.999% purity) were weighed 
according to their atomic percentages and sealed in quartz 
ampoules in a vacuum ~ 10-5 Torr. The sealed ampoules 
were heated up to 1000 0C at a rate of 2-3 0C/min and 
rocked for 24 hours at the highest temperature to make the 
melt homogeneous. Thin films of bulk samples were 
grown on ultrasonically cleaned glass substrate by vacuum 
evaporation technique at ~10-5 torr at room temperature 
using molybdenum boat. The detailed experimental 
procedure is given elsewhere [20]. The amorphous nature 
of thin films and bulk samples has been confirmed by X-
ray diffraction studies as no sharp peak is observed. The 
normal incidence transmission spectra of a-Ge10Se90-xTex 
(x=0, 10, 20, 30, 40, 50) thin films have been measured by 
a double beam UV/VIS/NIR computer controlled 
spectrometer [Hitachi-330] in the transmission range 400-
1200 nm. The spectrophotometer was set with a slit width 
of 1 nm. 

  
3. Results and discussion 
 
The values of optical band gaps were calculated from 

the graph (αhν)1/2  vs. hν.  For indirect transitions the 
energy gaps were determined by the extrapolated intercept 
on the energy axis using 

 
2)( opt

gEhBh −= ννα                     (1) 
 

where B is a constant called band tailing parameter with a 
value ranging from 105 to 106 cm-1 eV1/2 . The optical band 
gap decreases from 1.87 to 1.03 eV with the increase of Te 
content from x = 0, 10, 20, 30, 40, 50 in a-Ge10Se90-xTex 
thin films. 
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3.1 Comparison of theoretically calculated and  
       experimentally found optical band gap and  
      band tailing parameter 
 
It is found that the variation of energy gap with 

composition in amorphous alloys can be described by 
assuming random network using relation [21] 

 
)B(E)Y()A(YE)Y)(AB(E ggg −+= 1        (2) 

 
where Y is the volume fraction of element A, )(AEg and 

)(BEg are the optical gaps for A and B elements, 

respectively. The conversion from atomic composition 
(at%) or molecular composition (mol %) to volume 
fraction Y is made using atomic or molecular mass and 
density of both Te and Se. Fig. (1) shows the variation of 
theoretically calculated and experimentally observed band 
gap for a-Ge10Se90-xTex tin films.  In conclusion the optical 

gap opt
thgE ,  for a-Ge10Se90-xTex determined by volume 

fraction and the optical gap opt
gE exp,  calculated using the 

experimental data decreases with the increase of Te 
content lead to the conjecture that a modified virtual 
crystal approach for mixed crystals is acceptable for an 
amorphous system. The band tailing parameter (B) 
calculated from the slope of Tauc’s extrapolated plots i.e. 

2/1)( ναh  vs. νh  is given in Table (1). It is found that 

the band tailing parameter is of the order of 106 as reported 
in the literature [22]. 

 
 
Table 1. Values of number of constraints arising from 
bond stretching (Nα), number of constraints arising from 
bond bending (Nβ), average number of constraints (Nc), 
effective coordination number <meff> and band tailing 
parameter  (B)  for a-Ge10Se90-xTex (x=0, 10,  20,  30, 40,  
                                           50). 

 
x Nα Nβ Nc <meff> B 

 (cm-1eV-1)

0 1.10 1.4 2.50 2.2 1.44 × 106

10 1.15 1.6 2.75 2.3 1.17 × 106

20 1.20 1.8 3.00 2.4 2.27 × 106

30 1.25 2.0 3.25 2.5 1.46 × 106

40 1.30 2.2 3.50 2.6 0.92 × 106

50 1.35 2.4 3.75 2.7 0.57 × 106
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Fig. 1. Theoretical and experimental optical band gap 
for  a-Ge10Se90-xTex  where  x=0,  10, 20, 30, 40, 50)  thin  
                                           films. 

 
 

The experimentally obtained optical band gap and the 
theoretically calculated values for a-Ge10Se90-xTex both 
were found to decrease with increasing Te content and are 
in good agreement. Since optical absorption depends on 
short range order in the amorphous state and defects 
associated with it, the decrease in optical gap with the 
increase of Te content may be explained on the basis of 
the “density of states” model in amorphous solids 
proposed by Davis and Mott. According to this model, the 
width of the localized states near the mobility edges 
depends on the degree of disorder and defects present in 
the amorphous state [23]. 

 
3.2 Number of constraints and the effective  
       coordination number for the system 
 
The glassy networks are influenced by mechanical 

constraints (Nc) associated with the atomic bonding and an 
average effective coordination number < meff > which is 
also related to Nc. In a covalently bonded glassy network 
two types of constraints, bond stretching Nα

 and bond-
bending Nβ need to be counted [24]. For atomic species 
with coordination number (m), the number of constraints 
per atom arising from bond bending Nb = 2m – 3 and from 
bond stretching Na = m/2. Knowing the average number of 
constraints Nc = Na + Nb and the average coordination 
number m for different composition of a-Ge10Se90-xTex             
(x = 0, 10, 20, 30, 40, 50) glassy system, the effective 



P. Sharma, S. C. Katyal 
 
1996 

average coordination number < meff > can be calculated 
[25] using the formula  

 
     < meff > = (2/5)(Nc + 3)                            (3) 

 
The values of Nα, Nβ, Nc along with < meff > for the a-

Ge10Se90-xTex (x = 0, 10, 20, 30, 40, 50) glassy system are 
given in Table (1). In our system the average number of 
constraints per atom Nc exceeds the number of degrees of 
freedom Nd = 3 for the compositions x = 20, 30, 40, 50, 
the heteropolar bonded Te concentration is found to be 
less than one. Thus the non-monotonic behaviour of 
various properties observed in these glasses is explained in 
terms of interplay between “mechanical” and “chemical” 
forces which affect the structure of the glass as a function 
of < meff >. According to Thorpe [26] in the range of the 
glass-forming compositions, the system should contain 
rigid and floppy regions. In the a-Ge10Se90-xTex (x = 0, 10, 
20, 30, 40, 50) compositions the average coordination 
number varies from 2.2 to 2.7. The transition from floppy 
mode to rigid mode takes place for the composition 
Ge10Se70Te20. This means m = 2.4 corresponds to the 
mechanical percolation threshold. According to 
Zachariasen [27], atoms combine more with atoms of 
different kinds than with the same kind. This condition is 
equivalent to assuming the maximum amount of chemical 
ordering possible. This means that bonds between like 
atoms will only occur if there is an excess of a certain type 
of atom, so that it is not possible to satisfy its valence 
requirements by bonding it to atoms of different kinds 
alone, so bonds are formed in the sequence of decreasing 
bond energy until all available valences of the atoms are 
saturated.  

The possible bond distribution at various 
compositions using chemically ordered network (CON) 
model [28]. The model assumes that atoms combine more 
favourably with atoms of different kinds than with the 
same and bonds are formed in the sequence of bond 
energies [28]. As Te replaces Se the number of Te-Se 
bonds increase at the expense of Se-Se. The bond energies 

ABE  for heteronuclear bonds have been calculated by 
using the relation [29] 

 
( ) ( )2232/ BABBAAAB EEE χχ −++=      (4) 

 
where AAE  and BBE  are the energies of the homonuclear 

bonds and Aχ  and Bχ  are the electronegativies of the 
atoms involved. The bonds formed in a-Ge10Se90-xTex 
system and their energies are given in Table (2) and 
electronegativity for Ge = 2.01, Se = 2.55 and Te = 2.1. 
The assumption mentioned above can be applied in its 
simplest form to memory materials, where there is no 
ambiguity about the formal order in which the bonds are 
formed [30].  

3.3 Dispersion energy and oscillator strength from  
      WDD model 
 
According to the single-effective oscillator model 

proposed by Wemple and DiDomenico [31,32] the optical 
data could be described to an excellent approximation by 
the following relation 

( )22
0

02 1
νhE

EE
n d

−
=−                      (5) 

where  νh  is the photon energy, n is refractive index, 0E  
is the energy of the effective dispersion oscillator also 
called average energy gap, dE  is the oscillator strength or 
the dispersion energy. The latter quantity measures the 
average strength of the interband optical transitions. 

Plotting ( ) 12 1 −
−n  against ( )2νh  allows us to determine 

the oscillator parameters by fitting a straight line to the 
points. The value of 0E  and dE  can be directly 

determined from the slope ( ) 1
0

−
dEE and the intercept on 

the vertical axis ( )0EEd . The values so obtained for the 

dispersion parameters 0E  and dE  are given in Table (2). 
As it was found by Tanaka [33] the first approximate value 
of the optical band gap opt

gE  is also derived from the 
Wemple-DiDomenico dispersion relationship, according 
to the expression opt

gEE 20 ≈ . The values so obtained 
from this equation are in good agreement with the values 
obtained from the Tauc’s extrapolation [34] using the 
value of the absorption coefficient from the transmission 
measurements. The results are similar to that of the other 
Se rich alloys reported in literature [35,36].  
 
 

Table 2. Values of dispersion energy ( dE ), oscillator 

strength ( 0E )  and  bond  energy  of  different bonds  in  
             a-Ge10Se90-xTex (x=0, 10, 20, 30, 40, 50).  

 
x 

dE   
(eV) 

0E   
(eV) 

Bond Bond Energy 
(eV/bond) 

0 10.20 3.29 Ge-Ge 1.63 

10 11.37 3.99 Se-Se 1.91 

20 4.87 1.86 Te-Te 1.43 

30 5.42 2.08 Ge-Se 2.12 

40 8.37 2.10 Ge-Te 1.62 

50 19.95 3.00 Se-Te 1.76 

 
 

On the other hand, an important achievement of the 
WDD model is that it relates the dispersion energy dE  to 
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other physical parameters of the material through the 
following empirical relationship. 

 

caed NZNE β=                               (6) 
 
where eN  is the effective no. of valence electrons per 
anion, cN  is the effective coordination no. of the cations 
nearest neighbour to the anion, aZ  is the formal chemical 
valency of the anion, β  is a two valued constant with 
either an ionic or a constant value ( 030260 ..i ±=β eV 
and 040370 ..c ±=β eV) [37]. It is observed that the 

variation in the transition strength dE  results primarily 
from changes in the average nearest neighbour 
coordination number. It is proposed that the layer-layer 
and chain-chain bonding increases the effective 
coordination number. The primary optical effect is a 
reduction in the oscillator strength of the lone-pair to 
conduction band transitions causing a corresponding 
decrease in dE . It is observed here that the increase in Te 
content increases the coordination number and decreases 

the energy gap opt
gE . According to the WDD model the 

refractive index becomes dependent on the dispersion 
energy dE  as 0→νh . In this case dE  is mainly 
affected by the nearest neighbors, i.e. by the short range 
order and remains unaffected by medium range order. At 
wavelengths in near infrared region the short range order 
is dominant and therefore no feature related to the medium 
range order is developed in the compositional dependence 
of ‘n’ [38]. Shifting to shorter wavelengths the medium 
range order in the glasses becomes a decisive factor, which 
can affect the shape of refractive index ‘n’ and the 
dependence of extinction coefficient on <meff>. 

 
 
3.4 The average heat of atomization  
 
In chalcogenide glasses containing a high 

concentration of group VI element the lone-pair form the 
top of the valence band and the antibonding band forms 
the bottom conduction band [39]. The optical gap 
corresponds closely to the energy difference between the 
top of the valence band and the bottom of the conduction 
band. Metal atoms can form a dative bond with group VI 
atoms (lone pair with empty orbital) without any cost of 
energy, due to the presence of high-energy lone pair on the 
latter. Dative bonds have corresponding (empty) 
antibonding levels which could give localized acceptors 
states in the gap [40]. 

 It is interesting to relate the optical band gap with the 
chemical bond energy. For this purpose we calculate the 
heat of atomization. According to Pauling [41], the heat of 
atomization )BA(H s −  at standard temperature and 
pressure of a binary semiconductor formed from atoms A 
and B is the sum of heat of formation HΔ   and the 
average heats of atomization A

sH  and B
sH  that 

corresponds to the average non-polar bond energy of the 
two atoms  

                    

( )B
s

A
ss HHH)BA(H ++=−

2
1Δ                (7) 

 
The first term in above equation is proportional to the 

square of the difference between the electronegativities 

Aχ  and Bχ  of the two atoms: 

  ( )2BAH χχαΔ −                        (8) 
 

In order to extend this idea to ternary and higher order 
semiconductor compounds, the average heat of 
atomization sH  (in kcal per gram-atom) is defined for a 
compound γβα CBA  as a direct measure of the cohesive 
energy and thus of average bond strength, as  

                    

γβα
γβα

++
++

=
C
s

B
s

A
ss

HHH
H                      (9) 

 
Obviously the sH  values do not contain the heat of 

formation )H(Δ  as part of cohesive energy, however sH  
is useful parameter for correlating the physical properties 
of semiconducting compounds. In case of chalcogenide 
glasses the heat of formation contributes very little 
towards the average heat of atomization because the 
electronegativities of the constituent elements i.e.  Ge, Se, 
Te are very similar and in most of the cases of 
chalcogenide glasses the heat of formation is unknown. In 
few materials for which heat of formation is known it 
accounts only 10% of the heat of atomization and is 
therefore neglected.  Hence for binary chalcogenide 
glasses )BA(H s −  is given by 

                    

( )B
s

A
ss HH)BA(H +=−

2
1                   (10) 

 
whereas for ternary and higher order compounds, sH  is 
given by the equation (9) is applicable. The heat of 
atomization for Ge, Se, Te elements [42] and average heat 
of atomization sH  (kcal/g-atom) and average single bond 
energy )mH( s  are given in Table (3), where m is the 
average coordination number. The average coordination 
number (m) was calculated using the standard method [43–
47]. For the composition GeaSebTec is given by, 

 
                    

cba
cNbNaN

m TeSeGe

++
++

=                    (11) 

 
where NGe = 4, NSe = 2 and NTe = 3, a, b and c are the ratios 
of Ge, Se and Te, respectively. From the Table 3 it is 
found that the heat of atomization decreases with the 
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increase of Te content i.e. the average single bond energy 
decreases. This decrease in the average single bond energy 
with the increase of Te content may causes the decrease of 
optical band gap.  
 
 

Table 3. Values of average coordination no. (m), average 
heat of atomization )H( s  (kcal/g-atom), average single 

bond energy )mH( s and Heat of atomization for Ge, 
Se, Te   elements  in  a-Ge10Se90-xTex (x=0, 10, 20, 30, 40,  
                                              50).  

 
x m 

sH  
(kcal/g-
atom) 

)( mH s

(kcal/g-
atom) 

Element Heat of 
atomization 

(kcal/g-atom)

0 2.2 53.46 24.30 Ge 90 

10 2.3 53.12 23.09 Se 49.4 

20 2.4 52.78 21.99 Te 46 

30 2.5 52.44 20.98   

40 2.6 52.10 20.04   

50 2.7 51.76 19.17   

 
 
4.   Conclusions  
    
The following conclusions can be drawn from the 

present analysis: 
• Both experimentally and theoretically calculated 

optical band gap are found to be in good agreement with 
each other and decreases with the increase of Te content. 
Band tailing parameter is found to be of the order of 106. 

• There is no regular trend in dE   and 0E  in the 
floppy mode but at the composition Ge10Se70Te20 the 
mechanical percolation threshold takes place (m = 2.4) and 
after that in the rigid mode there is an increase of dE  and 

0E .  
• The coordination number increases with the 

increase of Te concentration, which gives an indication 
that the value of optical gap will strongly depend on the 
heat of atomization as with the increase of Te content the 
heat of atomization decreases leading to the decrease of 
the average single bond energy and this reflects the cause 
of decrease in optical band gap.  
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