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The experimental results on the effect of thermal annealing and high-energy electron 
(6.5 MeV) irradiation on the absorption edge for thin films obtained by thermal evaporation 
of bulk Gex(As2Se3)1-x  (x = 0.038 - 0.167), (GeSe2)y (As2Se3)1-y (y = 0.4 - 0.8) glasses have 
been given along with the results of computations of the optical band gap. To account for the 
possible bond configurations in the investigated films the ordered bond network model and 
the random bond network model have been used. The mechanism for thermal and electron-
induced changes in the structure and optical properties of the amorphous films under 
investigation has been discussed. 
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  1. Introduction 
 
  Thin films based on ternary chalcogenide glasses of Ge-As-Se family have attracted 
considerable interest because of the changes in their structure and electronic properties observed under 
thermal treatment and illumination [1 - 4]. The structural changes should be expected also under the 
high-energy electron irradiation, resulting, e.g., from the displacement of atoms by the impact 
mechanism [5]. Thin Ge-As-Se films are usually prepared in non-equilibrium conditions and is one of 
this reasons for the origin of chemical structure disordering. In this work the experimental results on the 
effect of thermal treatment and high-energy electron (6.5 MeV) irradiation on the absorption edge for 
thin films obtained by thermal evaporation of bulk Gex(As2Se3)1-x (x = 0.038, 0.057, 0.090, 0.107, 
0.138, 0.167), (GeSe2)y (As2Se3)1-y (y = 0.4, 0.5, 0.6, 0.8) glasses have been given. Theoretical 
computations of the optical band gaps for the glassy compositions under studies have been carried out 
by linear combination of atomic orbitals [6]. 
 
 
 
 

  2. Experimental and computational procedure 
 
 

  Thin films 1 µm thick have been deposited from the starting glasses of Gex(As2Se3)1-x              
(x = 0.0380 - 0.167) and (GeSe2)y (As2Se3)1-y  (y = 0.4 - 0.8) families by thermal evaporation in vacuum 
of 10-3 Pa. Bulk glasses have been prepared be melting high purity As, Se and Ge (5N)  component 
mixtures in evacuated and sealed silica ampoules followed by melt quenching. Tailor-made effusion 
cells were used for the vapour sources. The film deposition rate was about                  (10.0 ± 0.1) 
nm/s. Thin films have been deposited onto unheated optical glass substrates. The irradiation of the films 
have been carried out on M-10 microtron with 6.5 MeV energy electrons at total electron flux of 
1 × 1016 cm-2 and beam density of 1011 cm-2 s-1. Film annealing has been performed in vacuum at a 
temperature of 25 degrees below melting point of the starting glass, during two hours. Optical 
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transmittance of the samples has been measured within an accuracy of ± 1 %. The absorption 
coefficient (α) has been calculated by Swanepoel method [7]. The optical band gap has been determined 
using a Tauc plot (αhν)1/2 = f(hν). 
  The calculation of the optical band gap has been carried out by the linear combination of 
atomic orbitals method [6] by summing over the contributions of different chemical bonds. To judge the 
possible bond arrangements in ternary compounds under investigation two models have been used: the 
network with bond ordering (the model of cross-linked chains) and the model of a network with bond 
disordering. The optical band gap has been derived from the equations:   
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where x1 - x6, xi* are the molar fractions for the chemical  bond, εp, εh, V1
a,c are atomic terms taken from the 

generalized periodic table [6], di are covalent bond distances, k = 0.16459 eV × nm2. The following 
covalent bond distances have been used in the calculations: dAs-Se = 0.241 nm, dGe-Se = 0.236 nm [8], dGe-

As = 0.248 nm, dAs-As = 0.249 nm, dSe-Se = 0.234 nm dGe-Ge = 0.247 nm [9].  The computational error was 
not larger than 2 %.  
  Molar fraction for chemical bonds have been calculated from the experimental density values ρ and 
concentration of the structural units following the procedure close to the one reported in [10]. The difference 
was in the use of the average molar mass value M  instead of the conventional molar mass of the glass for 
determination of the molar volume v = M / ρ . 

 
 
  3. Results and discussion 
 
 
 

  Molar fraction for different chemical bonds, xi, and optical band gap values, Eg
o
 1 and Eg

o
 2, for 

two models (Model 1 - the model of cross-linked chains, Model 2 - network with bond disordering) 
along with the density (ρ) for the glasses of Gex(As2Se3)1-x and (GeSe2)y(As2Se3)1-y families are given in 
the Table 1. One observes that theoretical optical band gap increases with the increase in Ge content.  
The optical band gap values calculated following Model 1 are larger than that for the        Model 2. 
 

Table 1. Theoretical distribution of chemical bonds and calculated optical band gaps values  
                        for glasses of Gex(As2Se3)1-x and (GeSe2)y (As2Se3)1-y families. 

 

   Molar fraction for chemical bonds, xi   

x y ρ                   Model 1                              Model 2 Eg
o
 1, Eg

o
 2, 

  g/cm3 As-
Se 

Ge-
Se 

As-
Se 

Ge-
Se 

Ge-
As 

As-
As 

Ge--
Ge 

Se-
Se 

eV eV 

0 - 4.58 1.00 - 0.50 - - 0.15 - 0.25 1.70 1.66 

0.05 - 4.55 0.83 0.17 0.42 0.08 0.07 0.18 0.03 0.22 1.80 1.68 

0.10 - 4.49 0.63 0.37 0.31 0.19 0.12 0.13 0.06 0.19 1.93 1.75 

0.15 - 4.48 0.42 0.58 0.25 0.25 0.18 0.08 0.08 0.16 2.09 1.85 

- 0.4 4.47 0.58 0.42 0.30 0.20 0.12 0.10 0.04 0.24 1.96 1.74 

- 0.5 4.44 0.48 0.52 0.26 0.24 0.13 0.08 0.06 0.23 2.02 1.77 

- 0.6 4.43 0.38 0.62 0.22 0.28 0.13 0.06 0.09 0.22 2.09 1.85 

 0.8 4.38 0.19 0.81 0.15 0.35 0.12 0.02 0.16 0.20 2.20 1.96 
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  Correlation between experimental and theoretical (shown by solid lines) concentration dependences 
of optical band gap for Gex(As2Se3)1-x and (GeSe2)y(As2Se3)1-y thin films has been presented in Fig. 1 and 2. 
After electron irradiation of Gex(As2Se3)1-x films the optical band gap decreases as compared to that for the 
as-deposited) ones (rhombs and circles in Fig. 1). The highest change (about 0.07 eV) has been observed for 
the composition with x = 0.038. With an increase in Ge content the changes in optical band gap after 
irradiation tend to decrease, being of about 0.01 eV for x = 0.167 that is within experimental error, i. e. thin 
films deposited from the glasses with higher Ge content show higher radiation stability. In contrast to 
Gex(As2Se3)1-x films, an increase in optical band gap value of about        0.04 - 0.05 eV in result of electron 
irradiation has been seen for as-deposited thin films of the (GeSe2)y(As2Se3)1-y family (Fig. 2). The opposite 
sign of the changes in Eg

o
 value for as-deposited thin films of two composition lines under electron irradiation 

proves that the structural changes as a result of high-energy electron irradiation are different for these groups 
of compounds.  

 

 
 
 
 
   

  For thin films of the first group, structural disordering could be suggested (Ge-Ge, As-As and       
Se-Se homopolar bonds could be formed under electron irradiation). It follows from the fact that the optical 
band gap values for the compositions with x ≥ 0.09 have been found to approach the theoretical values 
derived in the Model 2. The highest number of homopolar bonds is characteristic to the composition with 
high content of germanium (x = 0.167) and defines their high radiation stability. The average coordination 
number for this composition is about 2.67.  For chalcogenide glasses with the average coordination number 
close to this value, the possibility of 2D → 3D transition had been suggested [11]. At this average 
coordination number value the compactness for Ge-As-Se glasses have been reported to be the lowest [4] 
and the fundamental absorption edge shift to be the highest [11] within the glass family. The opposing 
illumination and high-energy irradiation effect on the absorption edge (for the films) suggests different 
mechanisms for photo- and electron-induced changes in thin films. It is evident, that the electron 
irradiation of thin films of the second group leads to a structural ordering, since experimental Eg

o
  values are 

close to those, fitted in the Model 1. It has been found that the approach of Eg
o
  values to the Eg

o
 1 values (curves 

1). This suggests that structural ordering takes place under annealing. The most significant changes in the 
optical band gap (about 0.08 - 0.12 eV) resulted from thermal annealing have been revealed for 
(GeSe2)y(As2Se3)1-y thin films. Thus, more chemically disordered structure is formed in the process of 
deposition of (GeSe2)y(As2Se3)1-y thin films as opposed to Gex(As2Se3)1-x films. 

Fig. 1. Dependences on concentration of the optical band gap for Gex(As2Se3)1-x thin films: 
as-deposited (circles), after electron irradiation   (rhombs) and thermal annealing   (triangles).   
 Curves 1 and 2 show theoretical values for Model 1 and  Model 2, respectively  (see Table 1). 
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Fig. 2. Dependence on concentration of optical band gap for (GeSe2)y(As2Se3)1-y thin films: 
as-deposited  (ο), after  electron  irradiation  (�) and  thermal annealing (∆). Curves 1 and 2  
                             show theoretical values for Model 1 and Model 2. 

 
   
  4. Conclusions 
 
  Theoretical and experimental data on the optical band gap for ternary chalcogenide materials of 
Ge-As-Se family have been compared. 
  For thin films deposited from Gex(As2Se3)1-x (x = 0.038 - 0.167) and (GeSe2)y(As2Se3)1-y             
(y = 0.4 - 0.8) glasses the high-energy electron irradiation (6.5 MeV) and thermal annealing effects on 
the optical band gap have been found to be of different nature. The highest stability to high-energy 
electron irradiation for the compositions under investigation has been observed for Gex(As2Se3)1-x films 
with x = 0.167. 
  Theoretical approach used in computation of the concentration dependence of the optical band 
gap gives results in agreement with the experimental ones. 
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