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Thin films of As46Te46S8 with different thicknesses were prepared via thermal evaporation 

onto chemically cleaned glass substrates at different temperatures. X-ray diffraction of the 

deposited film at room temperature revealed the formation of an amorphous structure. In 

addition, the selected-area electron diffraction (SAED) patterns confirmed the amorphous 

phase. The mechanism of the optical absorption was observed to follow the rule of direct 

transition. An increase in the optical gap (E0) from 2.35 to 2.73 eV was observed when the 

substrate temperature TS was varied from room temperature to 463 K (film thickness = 100 

nm). In addition, E0 was observed to be dependent on the film thickness and increased 

from 1.7 to 2.38 eV when the film thickness was increased from 35 to 135 nm (TS = room 

temperature). The effect of TS on the electrical properties was also studied. The electrical 

resistivity (ρ) and the activation energy for conduction ( E ) decreased from 7.74 x10
5 

to 

6.81 x 10
2
 Ω cm and from 0.55 to 0.15 eV, respectively, when TS increased from room 

temperature to 448 K (film thickness = 100 nm). The Mott and Davis model for the 

density of states in amorphous solids was used to interpret and discuss the results.  
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1.  Introduction  
 

Thin films play a crucial role in science and technology due to their wide use in a large 

number of active and passive devices such as the target material of television cameras, microwave 

devices, switching devices and diodes [1, 2].  

Due to their high optical transparency in the IR region, strong optical nonlinearity, high 

photosensitivity, ease of fabrication and processing, and good chemical durability, chalcogenide 

glasses based on the chalcogen elements S, Se, and Te are widely used in ultra-fast optical 

switches, frequency converters, optical amplifiers, optical recording devices, optical integrated 

circuits for IR operations and infrared transmitting optical fibres [3-7]. Arsenic chalcogenides have 

been investigated extensively [8-10]. Many studies in the literature [9-13] have reported various 

properties of amorphous alloys belonging to 
V

xA 1

VI

xB 
 systems, where A is a group V element, 

such as As, and B is a group VI element, such as Te, Se, or S. 

Chalcogenide glasses in general and vitreous Te-based alloys in particular have been the 

subject of extensive work, with an emphasis on structure change due to their new technological 

applications in optical data storage [14]. Moreover, tellurium alloys have often been used for the 

active layer of memory devices [15] because of their low melting points. The structural bonding of 

chalcogens, e.g., tellurium, is divalent in nature, which provides the one-dimensional structural 

stability of amorphous materials.  The structural bonding in the  amorphous matrix is not highly 

stable [15, 16], and chalcogens in the amorphous state have a strong tendency to crystallise. 
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Arsenic trisulphide (As2S3) has also been the subject of extensive studies due to its wide 

applications in infrared optics and optical coatings because of its excellent IR transmission, large 

glass forming tendency, and resistance to moisture and chemicals [17]. 

The effect of Te addition on the optical properties of As2S3 thin films has been reported 

[18]. The reduction of the optical band gap was due to the creation of localised states. New bonds 

were formed due to the photo diffusion of Te into the As2S3 matrix. The structural basis of As-Te 

was investigated by several researchers using X-ray scattering [19, 20] and Mossbauer studies 

[21].  

There are various deposition parameters, such as thickness and substrate temperature, type 

of substrate and deposition rate, etc, on which properties of films may depend [1]. In the present 

work, the effect of substrate temperature on the optical band gap and the activation energy for 

conduction was studied for thermally evaporated As46Te46S8 films.            

Accurate measurements of the electrical properties can provide scientists and engineers 

with valuable information to properly incorporate the material into its intended applications for 

more solid design or to monitor a manufacturing process for improved quality control. Therefore, 

we examine the effect of substrate temperature on the electrical properties of As46Te46S8 films. X-

ray diffraction and selected-area electron diffraction (SAED) patterns were used to detect the 

amorphous and crystalline phases of the films deposited at different substrate temperatures. The 

film thickness dependence of the optical band gap (E0), the high-frequency dielectric constant                  

( ) and the carrier concentration ( N ) was also studied.  

 

 

2.  Experimental details 

 

Bulk As46Te46S8 chalcogenide glass was prepared using the standard melt-quenching 

technique [22, 23]. High-purity (99.999%) As, Te, and S in appropriate atomic weight percentages 

were weighed and sealed in a quartz ampoule (12 mm diameter) under a vacuum pressure of 10
-4

 

Torr. The content was heated at approximately 1100 K for 24 hours. During the melting process, 

the tube was frequently shaken to homogenise the resulting alloy. The melt was quenched in ice 

water to obtain the glassy state. The content of the alloy was verified by energy dispersive X-ray 

spectroscopy (EDX) using a scanning electron microscope (Shimadzu Superscan SSX-550).  

The thin films were prepared via thermal evaporation onto chemically cleaned glass 

substrates using an Edwards E306 coating unit operated at 10
-5 

Torr. Direct thermal evaporation 

was performed from a small quartz crucible, which was heated using a conical basket of tungsten 

wire as a filament. Evaporation was initiated by passing a low current in the filament for a period 

sufficient to heat up the material. The current was gradually and carefully increased, and when the 

material melted inside the crucible, the current was increased fairly rapidly to avoid alloy 

decomposition. The films were deposited at different substrate temperatures ranging from room 

temperature to 458 K. The substrate was heated using an accessory consisting of a sheathed heater 

coil, reflector and spherical work holder, a thermocouple (Cu-constantan), lead through and a 

meter to indicate and regulate the substrate temperatures. The mechanical rotation of the glass 

substrate holder facilitated the deposition of homogenous films at a high deposition rate of                      

10 nm/s.    

The elemental composition (As, Te, and S) of the investigated As46Te46S8 films was 

determined using EDX at different locations on the sample, and the average values were recorded. 

The film thicknesses, in the range of 35 - 135 nm, were measured using a quartz crystal thickness 

monitor (FTMS, Edwards, UK) [24]. The earthed face of the crystal monitor was facing the source 

and was placed at the same height as the substrate. The margin of error in the obtained thickness 

was   0.05%.  

Differential scanning calorimetry (DSC) was performed using a Shimadzu TA-50 (Japan) 

instrument at a heating rate of 25 K/min. X-ray investigations were performed using a Philips 

diffractometer type 1710 with a Ni-filtered Cu K source ( =0.154 nm) at 40 kV and 30 mA with 

a scanning speed of 3.5º/min. The structure of the film deposited at different substrate 
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temperatures was analysed using a JEOL2000 transmission electron microscope (TEM) operated 

at 100 kV.   

The optical absorption and transmission data were obtained using a computerised UV-

2101 double-beam spectrophotometer in the wavelength range of 300-900 nm. The electrical 

conductivity measurements were performed in the dark over the temperature range of 300-420 K 

for films with evaporated gold electrodes using a Tohr cryogenic cryostat. A conventional circuit 

using a Keithley 610C electrometer was used for the electrical measurements. 

 

 

3.  Results & Discussion 

 

3.1. Structure 
 

A DSC thermogram was obtained for a bulk glass sample of 16.4 mg using a heating rate 

of 25 K min
-1

. The glass transition and the peak crystallisation temperatures were 396 K and 488 

K, respectively, as indicated in Fig. 1. 

 
Fig. 1. DSC thermogram obtained for a bulk glass sample at a rate of 20 K min

-1
. 

 

 

The X-ray diffraction patterns of the As46Te46S8 films deposited at substrate temperatures 

TS of room temperature, 413 K, and 458 K are presented in Fig. 2. It is clear that the film deposited 

at TS = room temperature has a typical amorphous structure. For the substrate deposition 

temperatures TS= 413 and 458 K, different crystalline peaks (phases) can be identified. These 

crystalline phases correspond to As2Te3, AsTe, and AsS. No ternary phases are observed, possibly 

because of the consumption of the relatively small amount of S in forming the AsS binary phases. 
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Fig. 2. X-ray diffraction pattern of As46Te46S8 films deposited at different substrate temperatures. 

 

 

The selected-area electron diffraction (SAED) patterns of the films deposited at different 

substrate temperatures are presented in Fig. 3. The diffuse rings in the electron diffraction pattern 

(Fig. 3a) indicate the amorphous phases of the film deposited at TS = room temperature. 

 

 
a                                          b 

 
c 

Fig. 3. The selected-area electron diffraction patterns of films deposited at different 

 substrate temperatures, TS: (a) TS=R.T., (b) TS= 413 K, (c) TS= 458 K. 
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Sharp diffraction rings appeared in the electron diffraction pattern for the film deposited at 

TS =413 K (Fig. 3b). Analysis of the SAED patterns determines the most probable crystalline 

phases accompanying the transformations. To index the planes in the electron diffraction patterns, 

the d-spacing corresponding to the different radii of the diffraction patterns of the deposited films 

must be determined. The d-spacing was calculated using the relation /d L R , where R  is 

the radius of the diffuse rings and L  is the camera length, which represents the distance between 

the specimen and the photographic film. L  is called the camera constant and can be determined 

using a standard specimen (Au film) to record the diffraction pattern. Thus, the radius ( R ) was 

measured on the negative substitute on the gold diffraction standard. Using the calculated d-

spacing of the films deposited at TS = 413 K (Fig. 3b), the planes of the diffraction patterns are 

indexed as (112), (200), and (-223) using ASTM cards; these values correspond to the 

crystallisation phases As2Te3, AsTe, and AsS, respectively. These results were confirmed by the 

results of the X-ray diffraction investigation. 

Fig. 3c presents the spot pattern for the film deposited at TS = 458 K. The spots are not 

indexed, which means that single crystal phases occurred at this substrate deposition temperature. 

 

3. 2. Effect of film thickness and substrate temperature on the optical properties 

 

The important applications of chalcogenide glasses, such as optical recording materials 

and, more recently, diffractive optics and optical integrated circuits for IR operations, require the 

fabrication of structures in a range of film thicknesses from one to a tenth of a micron [25]. The 

variation in the optical energy gap as a function of substrate temperature may provide deeper 

insight into the mechanisms of disorder and defect formation in amorphous chalcogenides [26]. 

A study of the optical constant in the vicinity of the absorption edge yielded significant 

information on the role of various atoms in the chalcogenide network. It is known that if the 

multiple reflections are neglected, the transmittance (T) of perfectly smooth deposited films and 

substrates is given by the following relation [27]: 

 
2 ( ) 2 ( )(1 ) (1 )A dT R e R e     ,   (1) 

 

where R is the reflectance, A is the absorption, α is the absorption coefficient in cm
-1

 and d is the 

film thickness in cm. This expression can be successfully applied to calculate α using the 

following relation: 

21
ln[(1 ) / ]R T

d
   .    (2) 

To describe light absorption by media, the extinction coefficient / 4k    can be 

introduced. The reflectance of a material of refractive index (n) is given by 

 
2 2

2 2

( 1)

( 1)

n k
R

n k

 


 
,                   (3) 

 

The refractive index (n) can be determined from Eq. (3) using the following relation:  

 

2 2(1 ) 1
( ) (1 )

(1 ) 1

R R
n k

R R

 
   

 
,     (4) 

 

In our work, a realistic value of n was determined by considering the plus sign in Eq. (4).  

In crystalline semiconducting materials, electronic transitions occur between the highest 

energy of the valence band and the lowest energy of the conduction band. When the extremes have 

the same momentum vector value (k), the transition is direct. Otherwise, only phonon-assisted 

transitions are possible, which are called indirect transitions [28, 29]. 
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3.2.1. Effect of the film thickness on the optical band gap 

 

The optical absorption spectrum in amorphous semiconductors has been observed to have 

three distinct regions [30]: the weak absorption tail, which originates from defects and impurities; 

the exponential edge region, which is strongly related to the structural randomness of the system; 

and the high absorption region, which determines the optical energy gap. In the high absorption 

region (α ˃ 10
4
 cm

-1
), a parabolic relation can be applied:                 

                                                                    

0( )rh B h E     ,      (5) 

 

where h is Plank
'
s constant, ν is the frequency, E0 is the optical energy gap of the investigated film, 

and r is an index that has values of 2, 3, 1/2, and 3/2 depending on the nature of the electronic 

transition responsible for the absorption [13, 30].  

The usual method for determining the value E0 involves plotting a graph of (αhν)
r
 vs. 

photon energy (hν). If an appropriate value of r is used to linearise the graph, the value of E0 will 

be given by the intercept on the hν-axis. The results in the present experiment (Fig. 4) for 

As46Te46S8 thin films deposited at TS = room temperature at two different thicknesses, as 

representative cases, obey Eq. (5) with r = 1/2. This result indicates that a direct transition is the 

most probable mechanism. The values of E0 calculated from Fig. 4 at different thicknesses are 

listed in Table 1. Fig. 5 demonstrates the dependence of E0 on the film thickness: E0 increases with 

increasing thickness up to 70 nm and then becomes constant as the film thickness continues to 

increase. Thus, the film thickness does not appreciably affect E0 in the film thicknesses range of 

70-135 nm. 

 
Fig. 4. Variation of (h)

2
 with the photon energy h at two film thicknesses. 
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Table 1. The dependence of the direct optical energy gap  0E , the high frequency 

dielectric constant   , and the ratio   */N m   on the thickness of As46Te46S8 films 

deposited at TS = room temperature. 

 

 

Thickness (nm) 

 

E0 (eV) 

 

  

 

   * 22 3/ 10  cmN m   

35 1.70 14.36 1.23 

45 2.04 19.18 1.56 

54 2.19 23.43 1.78 

63 2.24 27.43 1.89 

75 2.33 27.62 1.90 

90 2.34 29.91 2.12 

117 2.37 33.88 2.79 

135 2.37 35.73 3.34 

 

The result of an increase in the optical band with increasing film thickness is in good 

agreement with the results observed for many chalcogenide thin films [22, 31-34] and can be 

interpreted based on the model of the density of states in amorphous solids proposed by Mott and 

Davis [35] by assuming the presence of defects in the amorphous thin film. During the deposition 

of an amorphous film, unsaturated bonds are proposed to exist because of an insufficient number 

of atoms [36]. The unsaturated bonds are responsible for the formation of some defects in the film. 

Such defects produce localised states in the amorphous solids. For a thicker film, greater 

depositions generate a more homogeneous network by saturating the dangling bonds and thereby 

minimising the number of defects. Thus, the concentrations of localised states are reduced, and the 

optical band gap consequently increases. Thus, thicker films with a lower concentration of 

dangling bonds should have larger optical gaps than thinner ones. 

 
Fig. 5. The dependence the optical energy gap, E0, of the investigated films on film thickness. 

 

 

3.2.2. Effect of film thickness on the high-frequency dielectric constant and carrier  
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frequency of the incident light [37]. When the real component of the real permittivity 1  is quite 

low, the value of 1  is represented by the static dielectric constant S , which includes the 

contributions of both atomic and electrical polarisations [37]. Furthermore, when the photon 

energy is higher than that in the infrared region, the atomic polarisation disappears; consequently, 

the 1  value decreases to the value of the high-frequency dielectric constant  . In semiconductor 

crystals, such as InAs, ZnTe, and ZnS,   decreases almost linearly as the band gap increases 

[38]. 

To better understand the optical properties of the investigated film, it is necessary to 

determine some of the optical constants, such as the high-frequency dielectric constant   and the 

carrier concentration N. The real component of the relative permittivity 1  and the squares of the 

wavelength (λ
2
) are related by the following equation [39, 40]: 

 
22

2 2 2

1 2
(1 ) / 1 ( )( )

e N
n R R

C m
 

        


,    

 (6) 

where C is the velocity of light, e is the electronic charge and m   is the electron effective mass. 

According to Eq. (6), the high-frequency dielectric constant   and the ratio  /N m 
 of the 

investigated films deposited at different thicknesses can be determined from the linear plot of 1  

vs. 
2 , as shown in Fig. 6. The calculated values of   and /N m 

 are listed in Table 1; the 

values of   and  /N m 
 increase with increasing film thickness. In other words, these values 

increase as the saturation of dangling bonds increases, which indicate that these parameters are 

related to the internal microstructure of the film. As observed in Fig. 6, the refractive index 

increases with increasing film thickness for λ˂ 600 nm. Furthermore, the refractive index for film 

thicknesses greater than 75 nm is independent of the thickness. These results are also in agreement 

with those obtained for other chalcogenide glasses [31] and may be attributed to the discontinuity 

of the film in the initial deposition stages. 

 

Fig. 6. The variation of 
2

1 n   with the square of the wavelength 
2  for different film thicknesses. 
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3.2.3. Effect of substrate temperature on the optical band gap 

 

            Thin films of the same thickness (d = 100 nm) were deposited on substrates held at 

different temperatures in the range of 300-463 K. A good fit between the experimental points of 

the spectral dependence of the absorption coefficient with the straight (αhν)
2
 vs. (hν) lines can be 

observed in Fig. 7. This fit confirms that a direct transition of the electrons is the predominate 

absorption mechanism in the As46Te46S8 films. The values of E0, calculated from the intercepts of 

the (αhν)
2
 vs. (hν) plots in Fig. 7, are plotted as a function of TS in Fig. 8 and are presented in 

Table 2. It is clear that E0 increases with increasing TS in the temperature range of 363-463 K. The 

increase in the band gap energy with increasing substrate temperature can be attributed to a shift in 

stoichiometry which was encountered in the previous work [41]. 

 
Fig. 7. Variation of (h)

2
 with photon energy hat different substrate temperatures. 

 

In the exponential edge region (1 ˂ α ˂ 10
4
 cm

-1
), the band tail width, Ee, which represents 

the degree of disorder in amorphous semiconductors, can be determined from the following 

relation [42]: 

0 exp( / )eh E    ,      (7) 

 

where hν is the photon energy and α0 is a constant. The spectral dependence of the absorption 

coefficient of the As46Te46S8 films (d=100 nm) deposited at TS = room temperature and 428 K, as 

representative cases, is presented in Fig. 9. Generally, the absorption coefficient (α) decreases with 

increasing substrate temperature. The calculated values of the band tail width, Ee, at different 

substrate temperatures were already presented in Fig. 8 and listed in Table 2. 
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Fig. 8. Variation of the optical energy gap, E0, and the band tail width, Ee, as a function of substrate 

temperature 

 

Table 2. The activation energy gap  E  for conduction, the resistivity   , Optical 

energy gap  0E , and the band tail width  eE  for As46Te46S8 films deposited at 

different substrate temperature TS (d = 100 nm). 

 

Substrate 

Temperature (K) 

∆E 

(eV) 

  

 (Ω cm) 

E0 

(eV) 

Ee 

(eV) 

R. T. 0.55 7.74x 10
5 

2.35 0.085 

330 0.52 5.98x 10
5
 2.36 0.083 

363 0.47 3.16x 10
5
 2.36 0.084 

393 0.41 1.14x 10
5
 2.40 0.078 

313 0.22 1.89x 10
3
 2.41 0.070 

428 0.18 1.14x 10
3
 2.54 0.044 

448 0.15 6.81x 10
2
 2.63 0.034 

463 _____ _____ 2.73 0.025 

 

An increase in E0 as Ee decreases and TS increases is also observed. This behaviour could 

also be interpreted based on the Mott and Davis model [35]. According to this model, the width of 

the localised states near the mobility edges depends on the degree of disorder and defects, which 

depend upon the unsaturated bonds produced during deposition [35]. At higher values of the 

substrate deposition temperature, an unsaturated bond gains sufficient energy for rearrangement 

during the formation of the film, producing a large number of saturated bonds. This process, in 

turn, reduces the density of localised states, re-distributes the atomic distance and bond angle and, 

consequently, decreases Ee. Thus, the substrate temperature dependence of Ee reflects the presence 

of defects and the degree of disorder of amorphous thin films. This interpretation confirmed the 

observed increase in E0 with increasing TS resulting from the amorphous to crystalline 

transformation, followed by the increase of the ratio of crystalline phases in the film [43-45], as 

observed in the structural investigation of figures 1, 2 and 3. 

However, the decreasing of the absorption coefficient with increasing substrate 

temperature (Fig. 9) can be explained based on the change in the nature of the film at it transitions 

from the amorphous to the crystalline state. The XRD patterns in Fig. 2 indicated that the 

diffraction peaks strongly increased as the substrate temperature increased from 413 to 458 K, 

which revealed the formation of more crystallites. A similar trend was reported [46] previously for 

other films deposited on heated glass substrates, which means that the optical transmittance (T) of 
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the film increases and consequently, according to equation (2), the absorption coefficient decreases 

with increasing substrate temperature. 

 
Fig. 9. Variation of ln with photon energy hat two different substrate temperatures. 

 

 

3.3 Effect of substrate temperature on the electrical properties 
 

The effect of substrate temperature on the electrical resistivity, ρ, and activation energy for 

conduction, ∆E, of the As46Te46S8 films was studied. For this purpose, 100-nm-thick films were 

deposited onto glass substrates held at different temperatures in the range of 300-443 K. Electrical 

resistivity measurements of the films were performed using evaporated gold electrodes. 

The resistivity values varied with temperature according to an Arrhenius relation [12, 13]: 

 

0 exp( / )BE k T    ,   (8) 

 

where kB is the Boltzmann constant and ρ0 is the pre-exponential factor of resistivity. The 

activation energy for electrical, E , is a function of the electronic energy levels of the atoms  in 

the amorphous material and hence of the emerging band gap. Fig. 10 presents log ρ vs. 1/T plots 

for films (d = 100 nm) deposited at different substrate temperatures. According to Eq. (8), one can 

establish that the electrical behaviour of As46Te46S8 films at low voltages (where Ohm’s law is 

valid) is characteristic of intrinsic semiconductors. Therefore, the electrical conduction is primarily 

due to excited carriers in the extended states belonging to the conduction band of the glassy 

semiconductor [35]. The values of ρ and ∆E, which were calculated from Fig. 10, are presented in 

Table 2. 

The value of ∆E for the film deposited on a substrate held at room temperature (≈ 0.55 eV; 

Table 2) is very close to that reported for a narrow-band semiconductor [47]. The increase in the 

conductivity and the decrease in ∆E upon increasing TS (Table 2) may be attributed to the 

amorphous-crystalline transformations. Thus, the substrate temperature dependence of the 

activation energy for conduction and electrical conductivity is consistent with the interpretation of 

the optical data. 
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Fig. 10. Log ρ vs. 1/T for films (d = 100 nm) deposited at different substrate temperatures. 

 

 

4. Conclusions 
 

XRD and TEM investigations of As46Te46S8 revealed that the film deposited onto a 

substrate at room temperature had a typical amorphous structure, while several crystalline peaks 

were observed for the films deposited at TS = 413 and 458 K. 

The optical data for As46Te46S8 indicated that the electronic transition responsible for the 

optical absorption occurred through a direct transition process. The parameters 0 ,  E   and 

N m 
are affected by the film thickness. This result confirms the effect of the film thickness on 

the density of localised states and microstructure of the studied samples. 

It is reasonable to assume that the observed changes in the optical properties with substrate 

temperature resulted from the microstructure rearrangement initiated during deposition, which 

implies that a higher temperature creates a more homogenous network and minimises the number 

of defects. 

Due to the amorphous-crystalline transformations, both the electrical resistivity and the 

activation for conduction decreased with increasing substrate temperature. 

The corresponding increase in the optical constants such as refractive index and high 

frequency dielectric constant with increasing film thickness is correlated with increase in the 

density of defect states. 
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