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Thin films of SxSe100-x, where x = 0 , 2.5 ,5.8 and 7.28 at % S, have been prepared by thermal evaporation technique using 
quartz and glass substrates kept at room temperature (300 K). EDX analysis of all the SxSe100-x compositions prepared 
indicate that the compositions are stoichiometric. X-ray diffraction patterns for SxSe100-x compositions, in powder form as 
well as in thin film forms have an amorphous nature for as deposited films and polycrystalline nature  of hexagonal phase  
after being  annealed at 423 K for one hour  DAT measurements  gave three  transition temperatures Tg, Tc and Tm. The 
optical constants were determined for films of different thickness values (100-500 nm) by using spectrophotometric 
measurements of the transmittance, T, and the reflectance, R, at normal incidence in the spectral range 400-2500  nm. The 
obtained values of both n and k were found to be independent of the film thickness.The refractive index, n, attains a peak 
value at wavelength λc, which is shifted towards the shorter wavelength as the sulphur content is increased. The estimated 
width of localized states in the forbidden gap and the variation of the indirect and direct optical energy gap as a function of 
both sulphur content and annealing temperature have been determined. The values of the dispersion energy Ed , the single 
oscillator energy E0, the infinite dielectric constant ε00 , the lattice dielectric content εL and the ratio N/m*, of the system have 
been determined and correlated with the type and amount of chemical bonds. The effect of heat treatment on the optical 
parameters have been also discussed. 
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1. Introduction 
 

Some chalcogenide glasses exhibit novel electrical 
and optical properties, such as  switching and memory 
effects, and photo-darkening phenomenon [1-3] which 
allow them to be used for improved applications in  
electronic devices and photo-recording materials. Althogh 
most chalcogenide glasses reported to date for optical-
recording media usually contain selenium or tellurium as a 
main constituent element [4,5]. Besides, sulphur-
chalcogenides [6,7] were used in this field [7,9]. Studies of 
structure, phase transformation and composition 
dependence of the transport properties in S-Se 
chalcogenide compounds have been studied [8,9]. 

In the present work, the composition dependence of 
the optical parameters of the glassy system SxSe100-x with             
x = 0,2.5,5 and 7.28 at % S, have been studied at room 
temperature as well as after annealing at 433 K for                   
2 hours, and the results have been correlated with the 
concentration of sulphur. 

 
2. Experimental technique 
 
Four compositions of the system SxSe1-x with                 

x = 0,2.5,5 and 7.28 at % S have been prepared by fusing 
high purity elements (99.99%) in appropriate weights in 
evacuated pyrex ampoules at 623 K for 3h. During 
synthesis the ampoules were shaken contenuously to 
enable complete homogeneity of the ingots. After 

synthesis, the molten was quenched in air. Before the 
preparation of the thin films, the amorphous nature and the 
homogeneity of the ingots were examined by x-ray 
diffraction for different parts of the ingots as well as 
thermograms analysis [8,9]. 

The thin films  were prepared by conventional thermal 
evaporation under vacuum using silica crucible surrounded 
by a tungsten spiral filament and charged with the 
prepared ingots in granular form. The film was deposited 
onto glass and quartz  substrates.  In order to produce high 
quality with uniform thickness distribution SxSe100-x films a 
well-cleaned substrates were placed in a rotating holder 
with a rotation speed of about 240 rpm. The vacuum 
chamber was then pumped down to 10-4 Pa during 
deposition. The deposition rate was kept constant at                 
4 nms-1 and the film thickness was controlled using a 
thickness monitor. The film thickness was measured after 
preparation by applying Tolansky’s method [10]. After the 
preparation of the thin films the homogeneity was checked 
by repeating the optical measurmants at least 5 times at 
different places for each sample. The structure of the 
compositions obtained was examined by energy 
desperssive x-ray spectrometry (EDX) and x-ray 
diffraction(XRD) as well as differential thermalanalysis 
(DTA) techniques. 

The transmittance, T, and reflectance, R, of the films 
deposited on quartz substrates were determined at normal 
incidence in the wavelength, range λ = 400-2500 nm by 
means of a double-beam spectrophotometer (JASCO 570) 
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attached to a specular reflection stage. If Ift and Iq are the 
intensities of light passing through both the film-quartz 
system and the reference quartz respectively the 
expermintal value of T is given as [11],   

 
  Texp = (Ift / Iq) (1 – Rq),                        (1) 

 
where  Rq  is the reflectance of quartz. Also, if the intensity 
of light reflected from the sample reaching the detector is  
Ifr and that reflected from reference aluminium mirror is IAl 
,the expermintal value of R is given as [12]. 
 

Rexp = (Ifr / IAl) RAl[1 + (1 – Rq)2] – T2 Rq
  (2) 

 
From the measured values of Texp, Rexp and film 

thickness d, the values of the refractive index n, and the 
absorption index k, were computed by a special computer 
program [13] based on minimizing (∆T)2 and (∆R)2 
simultaneously, where 

    (∆T)2 = |T(n,k)
 – Texp| 2 ,                      (3) 

 
 (∆R)2 = |R(n,k)

 – Rexp| 2 ,          (4) 
 

where  T(n,k) and R(n,k) are the values of T and R, calculated 
by using Murmann’s exact equations[14,15]. By taking 
into account the experimental error in measuring the film 
thickness to be ± 2.6 % and in Texp and Rexp to be ± 1%, 
the errors in the calculated values of n and k were 
estimated to be ± 3 and ± 2.5 %, respectively. 
 
 

3. Results and discussion 
 

3.1. Optical constants 
 
Three films of different thickness were prepared from 

each of the four compositions and the dependence of the 
transmittance, T, and  reflectance, R, on the wavelength, λ, 
was obtained for each thickness. A representative example 
is  given in Fig. 1 for sample with x=7.28 at % S having 
the thicknesses labled on the curves.  Interference bands 
are observed to the right of  the absorption edge. The 
number of these bands across spectrum increases as the 
film thickness is increased. Figs. 2 and 3 represent the 
dispersion of n and the spectral distibution of k, 
respectively, which depend on the sulphur concentration. 
Fig. 2 represents the dispersion of n for samples containg 
7.28 at %S. The curve, (a) is obtained  before annealing 
and, (b), after annealing. In general, the dispersion  curve 
has a peak in the vicinity of the absorption band at the 
wavelength  which decreases with increasing sulphur 
content and shifts towards short wavelength. Fig. 3  shows 
the specral distribution of k which depends on sulphur 
content. The change of n,  and k, associated with the 
introduction of sulphur in the usual manner has a direct 
relation to the amount and strength of the  different formed 
bonds in the network structure of the investigated 
compositions [8]. The parent glass Se (S at% = 0) of the 
system SxSe1-x has only one type of chemical bond namely 
the Se-Se in the three dimensional network structure. The 

presence of S atoms instead of Se atoms leads to the 
replacement of Se-Se bonds by S-Se bonds [9]. By 
increasing the S content in selenium sample, the  
concentration of S-Se bonds increases on the expense of 
Se-Se bonds, and this leads to the decrease in the values of 
the optical constant n, and k as shown in Figs. 2, 3. 
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Fig. 1. Spectral distribution of the absolute values of  the 
transmission, T, and  reflection, R, of  SXSe1-X  Thin Films 
of Different  Thicknes , a)x = 0  at  % S , b) x = 2.5 at % 

S  c) x = 5.8  at  % S, d) x = 7.28   at  % S.         
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Fig. 2. Spectral distribution of  the reflective index, n, 
for SXSe1-X thin  films, x = 0  ,2.5,5.8 and 7.28  at % S . 
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Fig. 3. Spectral distribution of the absorption index, k  
for SXSe1-X  thin films, x = 0  ,2.5,5.8 and 7.28  at  % S. 
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3.2. Energy gap 
   

The  type of transition between valence band and 
conduction band can be  identified from  the relation 
between log(α) and log(hυ) given in Fig. 4  for the tested 
compositions, where α is the absorption coefficient            
(α = 4 πk/λ). As shown in Fig. 4, each curve, regardless 
the value of x, exhibits three different regions starting with 
a tail followed by two straight lines. These regions point to 
three different expected transitions. For the first region 
where the photon energy hν < 1.80 eV, the observed  
exponential absorption tail, obeys the Urbach tail [16]. In 
this  photon energy range the absorption coefficient α, 
varies exponentially with the photon energy according to 
the empirical formula 

   α = αo exp (hυ/Ee)                              (5) 
where Ee is the Urbach parameter which often represents 
the width of localized state in the forbidden gap, and in 
general, represents the degree of disorder in amorphous 
semiconductors [17]. Ee was determined by plotting log α 
as a function of hυ as shown in Fig. 5. The determined 
values of Ee are given in Table 1. Ee decreases from              
98 meV to 24.9 meV as the sulphur concentration 
increases from zero up to 7.28 at.%. This behaviour 
indicates a decrease in the degree of disorder [18] due to 
increasing sulphur content in the selenium matrix. 
 
 
 

 
Table 1. Data analysis of the three regions of fig.: Urbach parameters,indirect energies and direct energy gap,for  

each sulphur content in Se-S.  
 

×, at %S Ee, meV (αhν)1/2 
eV,E ind

g 

(α/hν)1/2 

(hν ε2)1/2 eV,E ind
avg eV,E ind

g 
as deposited 

eV,E ind
g 

annealed 
0 98 1.845 1.838 1.84 1.8407 2.316 2.04 

2.5 59.12 1.92 1.907 1.907 1.911 2.314 2.41 
5.8 41.3 1.96 1.94 5.853 1.931 2.317 2.412 

7.28 24.9 2.02 1.99 6.02 2.006 2.318 2.407 
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Fig. 4. Spectral behaviour of  absorption coefficient, α  

 versus  the photon energy. 
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Fig. 5. Plot of  Log (α ) Versus (hν). 
  

For photon energy in the range (1.8-2.25) eV, the 
optical energy gap and the type of transition were obtained 
for samples with different sulphur content  by using the 
relation [19] 

 
    α hυ = A0  (hυ -Eg) 2                           (6) 

 
 Where A0 is a constant. The optical energy gap 

calculated from the linear exrapolation of the plots of 
(αhυ) ½

 vs. hυ to the energy axis for all compositions  is 
given in Table 1. Applying the equations [20,21] of the 
forms 
 

    α /hυ      = B0  (hυ -Eg) 2                 (7) 
and 

      hυ(ε 2)  ½  = C0  (hυ -Eg)              (8) 
 

and  following the same procedure for expresion, 6, the 
plots of both (α /hυ) ½  and /or  hυ(ε 2) ½  vs. hυ. The values 
of Eg obtained are given for comparison  in  Table 1. The 
similar  values of  Eg ind  due to the expressions, 6-8, 
ensure the existence of an indirect  optical transition in this  
photon energy range and favor using the average indirect 
energy gap given in Table 1 for each composition of the S-
Se system. The observed increase of the aveage Eg ind  
with increasing Sulphur  content can be explained as  
follows. The structure of the amorphous S - Se system is 
supposed to be that of equilibrium mixtures of linear 
polymer chains and eight-membered monomer rings [22]. 
Selenium consists of 40% monomers while monomer 
concentration in sulphur is  60%. As in the case of single 
component systems, the equilibrium copolymerization 
theory [23] developed for the liquid structure suggests that 



M. M. El Nahass, M. B. El Den, H. E. A. El-Sayed, A. M. A. El-Barry, M. A. M. Seyam 
 

1820

copolymer molecules are in dynamic equilibrium with S8 
and Se8 monomer molecules. In such a system the relative 
monomer-polymer concentrations are not only dependent 
on temperature, as in the single component systems, but 
also on the relative S and Se concentrations. Accordingly, 
the increase of the indirect energy gap ( ind

gE ) by the 
addition of S up to 7.28 at.% to selenium is attributed to 
the concentration of monomer rings and the formation of 
S-Se bonds of greater strength than that of Se-Se bonds.                                  

For the photon energy >2.25 eV, the straight lines 
relating (α hυ)2 and (hυ)indicate  a dominating  direct 
allowed transition with direct energy gap, Egd, 
independent of sulphur content, as given in Table 1.                                    

                      
 
3.3. Dielectric constant 

 
The relation between the refractive index, n and the 

oscillator strength below the band gap is given by the 
expression [24]: 
 

        n2 – 1 = (Ed Eo) / ( 2
oE  - E2)       (9) 

 
where Eo is the energy of the effective dispersion 
oscillator, E the photon energy, and Ed

 is the so-called 
dispersion energy which measures the average strength of 
the interband optical transitions. Fig. 6 shows the linear 
relation between 1/(n2-1) and the square of the photon 
energy (hυ)2 for the investigated compositions. The values 
of Ed, Eo and εoo as determined from the slope and the 
intersection of the straight lines with 1/(n2-1) axis are 
listed in Table 2. Both Eo and Ed increases while εoo  
decreases with increasing of the concentration of S in the 
investigated composition. 
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Fig. 6. Plot of (1/n2 –1) versus (hν)2 for  as deposited  

SXSe1-X  films. 
 

 
The relation between the optical dielectric constant ε, 

wavelength λ and refractive index, n, is given by the 
equation [25] 

 
         ε = n2 = εL

 - Bλ2     (10) 
 

where εL is the lattice dielectric constant and B is a 
constant equals [N/4π c2εo m*] [26] and, depends on the 
ratio of carrier concentration to the efective mass N/m*. 
Fig. 7 shows the relation between n2 and λ2 for the 
investigated compositions Extrapolating  the lines of Fig. 7 
towards λ2 = 0, the intersept at n2 axis yields the value of 
εL, which decreases with increasing s content. From the 
slope, N/m* can be obtained. The values calculated from 
Fig. 7 are given in Table 2. It is clear that increasing 
sulphur content  increases the dispersion parameters and  
the indirect energy gap, while it decreases  the ratio N/m*, 
due to the increase of scattering centres by  dissolution of   
the  S atoms in the Se matrix [24]. 
 

 
 

Table 2. Dispersion parameters for S-Se films having different sulphur content. 
 

×, at%S λc, nm nmax Eo, eV Ed, eV ε∞ ε1 N/m*, 

1/gm.cm-3 

0 663 5.55 1.84 5.973 6.679 7.5059 1.14×1046 

2.5 659 5.31 1.86 6.706 5.656 6.63966 9.97×1046 

5.8 642 4.65 2.04 8.8048 4.834 6.21596 9.11×1046 

7.28 633 4.42 2.38 12.639 4.5395 5.24924 4.08×1046 

annealed 

7.28 630 4.36 2.4 10.51 4.78 5.91 7.08×1046 
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Fig. 7. Plot of n2 versus λ2 for as deposited SXSe1-X  films. 
 

3.3. Effect of heat treatment 
 

The annealed samples were annealed at 423 K for 2h. 
The optical constants (n, k and α) were determined for the 
annealed films by using the same procedure as for the 
unannealed samples. As representative examples  for the 
annealed samples, the curve for the relation, n vs. λ,was 
introduced in Fig. 2 for x = 7.28 at % S, for the relation, k 
vs. λ, with x= 0, was added to Fig. 3, and  a curve for, α  
vs. hν, and log α vs. hν with x=0, was added to Fig. 4 and 
5, respectively. The obtained parameters for the annealed 
samples were cited at the tables of the unannealed 
samples. The value of n found to decrease, Fig. 2 and both 
k, Fig. 3, and α, Figs. 4 and for 5, increased by the 
annealing process. The increase of the absorption 
coefficient, α, can be attributed to the high transition 
probability of the carriers [27]. The refractive index has 
the same behaviour of the as deposited film, Fig. 2. The 
width of the anomalous regions of the annealed samples is 
smaller than those for the as deposited films, and the peak 
of n was shifted towards  shorter λ as the sulphur content  
was increased. 

The obtained data from the relation of (αhυ)1/2 as a 
function of hν for the annealed thin films given in Table 1, 
as 2.14 show that the allowed indirect transitions still 
occur and the absorption edge is shifted to higher photon 
energy. The width of Urbach’s tail is decreased by 

annealing and nearly disappeares for x = 0 (Se). The 
annealing tends to decrease the width of the tails of the 
localized states Ee and consequently decreases the disorder 
of the film [18]. The indirect optical gap is increased from 
1.841 to 2.14 eV, Table 1, by increasing the sulphur 
content up to 7.28 at.% . 

For the annealed films the values of the direct energy 
gap is still independent on sulphur content. This means 
that  annealing at 433 K, reserves the persistent structure 
of the direct allowed transition but it leads to a small 
general increase in their values. The variation of the 
optical gap with S content  can be represented by the 
following empirical relation for the as deposited thin films 

 
Eg 

ind  (as deposited films) ≈ 1.8420 +  0.027 x        (11) 
 

where x represents the content of sulphur, while the 
variation of the optical gap with  increasing sulphur can be 
represented by the following relation for the annealed thin 
films. 

                                                                                          
Eg 

ind  (annealed films) ≈ 1.912 + 0.032 x.          (12) 
 

The dispersion parameters of the  annealed films are 
listed in Table 3. The increase of the values of the  indirect 
optical energy gap of the investigated compositions by 
both annealing and increasing the sulphur content are 
discussed on the basis of Mott and Davis model [28]. The 
saturated bonds in amorphous semiconductors are 
responsible for the formation of the same defects in the 
materials. Such defects produce localized states in the 
band gap near the mobility edge. As the sulphur content 
increases in the examined composition, the increase of 
defects  and the density of the localized states becomes  
responsible for the low values of the optical gap in case of 
the as deposited S-Se thin films. During the process of 
annealing the saturated defects gradually disappear and 
therfore [29] the reduction in the number of the 
unsaturated defects tends to decrease the density of the 
localized states in the band gap and consequently increase 
the optical gap. 

 

 
 

Table 3. Dispersion parameters of the annealed S-Se films containing different sulphur contentent. 
 

×, at%S Eo, eV Ed, eV ε∞ ε1 N/m*, 
1/gm.cm-3 

0 3.988 22.17 6.86 7.81 4.0719×1047 

2.5 4.128 23.43 6.75 7.71 3.97×1047 
5.8 4.236 24.4 6.68 7.63 2.647×1047 

7.28 4.359 25.5 6.57 7.52 2.31×1047 
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4. Conclusions 

 
Influnce of sulphur content on the optical constants of 

the SxSeioo-x thin films, where  x = 0, 2.5,5.8 and 7.28 at % S 
has been investigated. The obtained values of both n and k 
were found to be independent of the film thickness in the 
rang 100-500 nm. The refractive index, n, attains a peak 
value at wavelength λ c, which is shifted towards  the shorter 
wavelength as the sulphur content is  increased. This 
behaviour as explained by the presence of S atoms instead of 
Se atoms, l eads to the replacement of Se-Se bonds by S-Se 
bonds. By increasing the S content,  the  concentration of  
S-Se bonds increases on the expense of Se-Se bonds, 
leading to the observed decrease in the values of the optical 
constants  n, and k. The analysis of the spectral behaviour 
of absorption coefficient (α), in the absorption region 
revealed three different transitions. For the first region, 
where the photon energy obeys the Urbach's tail, decreases 
as the sulphur concentration increases. This  behaviour  
indicates the decrease of  disorder  due to   introducing  of  
sulphur  in selenium  matrix. An indirect optical transition 
occoured in the second  range wher  the value of optical gap 
increases  as the S content increased. In the third region  a 
direct allowed transition takes place. The values of the 
direct energy gap are indepentent on  S content up to             
7.28 at. % in the S-Se system. 

The values of the dispersion energy Ed, the single 
oscillator energy EO, the infinite dielectric, the lattice 
dielectric constent and the ratio N/m*, of the system 
have been determined. Both E0 and Ed increase  while 
ε00 decreases with the increase of S content, in the 
investigated composition, si decreases with increasing S 
content,while deeraese-s the ratio N/m* decrease due to 
the increase of scattring centres by dissolution of the S 
atomsjn the Se matrix. Annealing decreased both  k and α 
coefficient can be attributed to the high transition 
probability of the carriers. The width of Urbach's tail is 
decreased by annealing and nearly disappeares for Se. The 
indirect optical gap is increased by increasing the sulphur 
content up to 7.28 at.%. After annealing the values of the 
direct energy gap is still independent of the sulphur 
content. This means that  annealing at 433 K, reserves the 
persistent structure of the direct allowed transition and  leads 
to a small general  increase in their values. 
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