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Abstract: 

In this experimental study, Structural, electrical and optical properties of as-grown and annealed films for the 

amorphous Selenium was carried out. Growing for the samples was done on glass substrates by thermal 

evaporation technique under pressure range 10-5 - 10-6 Torr at room temperature. The structure of amorphous 

Selenium thin film was investigated by X-ray diffraction (XRD) for three different annealing temperatures (323, 

and 363K). The result of the X-ray diffraction studied at 363K indicated the formation of Selenium with 

Hexagonal Phase. The transmission spectra of annealed and as-deposited films have been carried out for the 

range UV-Visible transmittance spectrum (wavelength range of 200-1100 nm) at room temperature. Results 

showed that the absorption coefficient for the previous range was . Results for the optical band gap 

gave a direct one, within the energy range (2.01-2.11) eV. These experimental values of the optical band gap 

indicated an inversely proportionated with annealing temperature. Results for both D.C and A.C conductivity for 

the temperature range 295.5 to 363K showed that both type of conductivity related linearly temperature. Results 

showed that the A.C. conductivity increases linearly with the frequency at the range ( - ) Hz. Results for 

the activation energy ( ) shows that it related linearly with the annealing temperature.  

Keywords: Amorphous Selenium, Chalcogenide, X-Ray diffraction (XRD). 

 

1. Introduction: 

Selenium can be produced in three basic structures: (a) the most common and most stable phase In the last three 

decades, much more attention has been paid for studying the most commercial important Chalcogenide 

semiconductors, the amorphous selenium (a-Se) and its alloys. This fast attention given to the various allotropes 

of Selenium and their inter-conversion arises from its use in a variety of electronics and solid-state technological 

applications. Selenium exhibits both photovoltaic and photoconductive actions, thus formulating its function in 

the production of photocells and exposure meters for photographic use as well as solar cells. Amorphous 

selenium (a-Se) is also extensively utilized in rectifiers, xerography and glass industry to decolorize glass and 

make ruby-colored glasses and enamels. 

hexagonal structure, which shows high electrical conductivity, (b) relatively high resistive semiconductor of 

monoclinic structure which can be synthesized by growth from chemical solution and may be transformed into 

the hexagonal structure by heating, and (c) the supercooled liquid amorphous structure, which may be easily 

obtained by rapidly cooling from the liquid phase so that crystallites do not form. 

2. Experimental: 

Selenium thin films was prepared by the vacuum evaporation of black Selenium (purity of: 99%) in a high 

vacuum (5×10-6 mbar) on a glass substrate at room temperature. The deposition process started with constant 

deposition rate equal to 10 Å/sec. 

The corning glass substrate (Soda Lim Glass)was cleaned by using detergent with water to remove any oil or 

dust that might be attached to the surface of substrate and then they were placed under tap water and rubbing 

gently for 15 minutes. Then they were placed in a clean beaker containing distilled water and then rinsed in 

ultrasonic unit for 15 minutes. After that repeated it by replacing the distilled water with pure Alcohol solution 

which reacts with contamination such as grease and some Oxides. The sample was kept in dry place with away 

from air and dust particles. Thin a-Se films at room temperature with different annulling temperature (323, 343 

and 363 K) were obtained. The structural characterization was carried out by taking XRD pattern of the films 

with the help of Philips X-Ray diffractometer using target Cu-Kα (λ=1.54060 Å) radiations as X-ray source. The 

current has been 30 mA and the voltage was (40 KV). The scanning angle 2θ has varied in the range of (20 – 60) 
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degree with speed of (4) deg/min. The interplaner distance dhkl for different planes was determined by using 

Bragg's law. UV-Visible transmittance spectrums of the films were measured at normal incidence in the spectral 

range of (200-1100nm). The electrical conductivity has been measured as a function of temperature for Se films 

in the range (R.T. –363) K by using the electrical circuit. The measurements have been done using sensitive 

digital electrometer type keithley (616) and electrical oven. For A.C. measurement, an HP-R2C unit model (4275 

A) multi frequency LCR meter has been used to measure the capacitance (C) and resistance (R) with frequency 

range between 100Hz-100 kHz. A.C. instrument is shielded by the copper sheet to avoid the distortion signal, 

and to prohibit the connectors among the experimental portion from becoming a source of noise by using coaxial 

cables and BNC connectors are used. The amplitude of measuring ac signal has been kept low at 0.08 volt to 

avoid possible non linearity and instability. 

3. Results and Discussion: 

3-1 Structural Analysis: 

The XRD results of Selenium films prepared at room temperature with different annealing temperatures 

(323,343 and363) K, are shown in fig.1. The XRD patterns of the Selenium films at room temperature and 

annealed temperature 323K shows amorphous structure of the 2θ range (20-60). On the other hand, the XRD 

patterns of selenium films annealed at temperature 343K shows the peaks that started to grow, and appeared in 

Ta=363 K which exhibit a prominent reflection angle 2θ=23.49°and 2θ=29.70°. This is due to the increase of 

grain size and can be explained by the movement of atoms after annealing to array its selves in different sizes of 

grains. The crystal lattice is hexagonal structure, it was normalized by[Keller R.].This result is agreement 

Champness and Pan results. Table 1, shows the 2θ and d-spacing observed along with the standard 

data )Crystallography Open Database (COD) No.96-901-1649 Se). 

3-2 The Optical Part: 

The optical properties of Se films for 500 nm thickness at different annealing temperatures have been study by 

UV-Visible transmittance spectrum. 

The transmission spectra of annealed and as-deposited films have been illustrated in Fig 2. From these plots 

shows that the increasing of annealing temperature caused to shifts the peak of transmittance spectrum toward 

the shorter wavelengths (higher energies compared with the as-deposited film, which means the decrease in 

disorder and defect density in the structure gives rise to increase in the optical band gap. In addition, the 

saturation of dangling bonds in the amorphous structure results in increase in band gap. 

3-2-1 the Absorption Coefficient: 

The absorption coefficient of the Se films is characterized by strong absorption at shorter wavelengths region 

between (200-580) nm and without sharp edge on the long wavelength side from (600-1100) nm.  

In the shorter wavelength the absorption coefficient exhibits higher values within the range (1.25-4.5) 104 cm-1, 

Fig. 3. 

3-2-2 The Optical Energy Gap: 

In the high absorption region ( ), the variation of the absorption coefficient with photon energy is 

obtained using the relation: 

where h is Planck constant,  is the frequency,  is an energy independent constant (it is a parameter which 

depends on the transition probability),  is the optical energy gap of the investigated films, and r is a number 

characterizing the transition process, having the values (1/2, 3/2, 2 and 3) for direct allowed, direct forbidden, 

indirect allowed and indirect forbidden transitions, respectively.  

The  values are estimates from the extrapolation to zero absorption in Tauc equation(1) and lie within the 

range (2.01-2.11) eV, the values of   decrease with increasing annealing temperature that is because the width 

of localized states near the mobility edges depends on the degree of disorder and defects present in amorphous 

structure. In particular it is known that unsaturated bonds together with some saturated bonds are produced as a 

result of insufficient number of atoms deposited in the amorphous films. These unsaturated bonds are responsible 

for the formation of some defects in the films, which produce localized state in the amorphous solids.  

The presence of a high concentration of localized states in the band structure has been responsible for low values 

of optical energy gap and electrical activation energy in both as-prepared amorphous films and those annealed, 

fig. 4. This result is in agreement with K. S. Bindra et.al. in 2006 [8].  

On the basis of experimental results, it is concluded that band gap of thin films is also thickness dependent. It is 
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observed that the band gap of the thin films increases with increasing the thickness of the films. Figs. 5 and 6 

shows the variation of the band gap of the film with the increase in film thickness and it increases for the 

thickness in the (300,500 and 700) nm. The estimated values of the band gaps are similar to the value reported 

by Khan et.al. in 2010. 

It may be mentioned that, in amorphous Chalcogenide thin films, the number of defects are higher due to the 

existence of unsaturated bonds. The increase in the thickness of the films results in a homogeneous network with 

low density of defects thereby, increasing the optical band gap. 

3-3: The Electrical Part:  

3.3.1. D.C. Conductivity: 

In order to study conductivity mechanisms, it is convenient to plot logarithm of the conductivity ( ) as a 

function of for a-Se films with different annealing temperatures. It is found that the conductivity of all 

samples increases with the increase in temperature from (295.5 to 363) K. This result agrees with Khan in 2010. 

Fig.7 shows the temperature dependence of D.C. conductivity in the amorphous selenium thin films in the 

temperature range (295.5- 363) K for all the samples. The plots (  ) versus ( ) are found to be 

straight lines in the temperature range of (314–363) K indicating that the conduction in these samples is through 

an thermally activated process. Conductivity varies in accordance with the equation: 

                                                 

where:  is the minimum electrical conductivity,  is the activation energy, T is temperature and, KB is the 

Boltzmann constant. 

One can suggest that the conduction is due to thermally assisted tunneling of charge carriers in the localized 

states present in the band tails.  

The activation energy alone cannot decide whether the conduction is occurring in the extended states or in the 

band tails; because these conduction mechanisms can occur simultaneously. The activation energy in the former 

case represents the energy difference between mobility edge and the Fermi level,  or ; while in 

the letter case it represents the sum of the energy separation between the occupied localized states and the Fermi 

level , and the mobility activation energy for the hopping process between the localized states. 

In the low temperature range (295.5 – 314) K, the conductivity increases very slowly with temperature, this 

implies that the conduction occurs via variable range hopping of the charge carriers in the localized states near 

the Fermi level. This result agrees with the study of Majeed Khan in 2010. Table 2 shows an increase in the 

activation energy ( ) values with the increase of .  

3.3.2. A.C. Conductivity:   

The dependence of A.C. conductivity  of the layer system of Al/Se/Al sample on frequency with the 

frequency range (10
2 
-10

5
) Hz at different annealing temperatures will be report as the following: 

3.3.2.1. A.C. Conductivity Dependence on Frequency:  

The variation of A.C. conductivity with the frequency for Se films at R.T. and different annealing temperature 

(323, 343 and 363) K have been shown in fig.8. The A.C. conductivity increases with the increasing frequency 

for all samples.  is proportional to s which means that  dominates at higher frequency, in the 

range of (10
3
 – 10

5
) Hz. For lower frequency in the range of (10

2
 – 10

3
) Hz  becomes independent on the 

frequency because D.C. conductivity dominates in this frequency range. The values of exponent ( ) are 

estimated from the slope of the curves plotted between  versus  listed in table 3. 

The behavior of with frequency can be explained in terms of polarization effect and hopping i.e. 

polarization effect in low frequency region where polarization is slightly changed and  is dominated and at 

higher frequency region the hopping takes place. That means the exponent (s) fits C.B.H. model given by Elliott, 

from which A.C conductivity occurs between two sites over the barrier separating between D
+
 and D

-
 defect 

centers in the band gap. This leads to greater loss in the dielectric and  is dominating. 

3.3.2.2. A.C. Conductivity Dependence on Temperature:  

The variation of lnσ(ω) as a function of the temperature (103 /T) for Se films at (3243,343 and 363) K annealing 

temperatures for four frequencies (10
2
-10

5
) Hz respectively is shown in Fig. 9 . A linear behavior of  of 

two stages has been observed over the entire temperature range (300 – 363) K indicating a thermal activated 

conduction mechanism. There is an activation energy for each film less than the activation energy in the D.C. 

conductivity because the dependences of A.C conductivity on the temperature being less than in the D.C. 
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conductivity. Both the A.C. activation energy and decreases as the film thickness increases as shown in 

table 4 and this may be attributed to increase of the absorption and decreasing the energy gap. It can be seen also 

that  and  increases with the increasing of . It is obvious that there is a decrease in  with frequency 

increasing and such result complies with the theory of CBH model.  

4. Conclusions:  

The structure of the nature of the Se is amorphous that a change to polycrystalline after annealing process and 

the crystal lattice is hexagonal. The optical transitions in Se film are direct, the absorbance of Se film for 

incident with an increased radiation wavelength in the range 200-600nm decreases with the increasing annealing 

temperate in contrast to transmittance, while for longer wavelength λ>600nm, a non-systematic change is 

observed. 

The D.C conductivity for all films decreases with the increasing annealing temperatures. The factor(s) of the A.C 

conductivity decreases with the increasing of annealing temperatures. The experimental results for the 

mechanism of A.C conductivity are consistent with CBH model. There are two transport mechanisms of the 

charge carriers over the range of 295.5-363K. In general, the activation energies increase with the increasing of 

the annealing temperatures. 
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Table 1. X-Ray diffraction data for Se thin film prepared at 363K, comparative with standard data. 

2θ[degree] 

Exp. 

dhkl [Å] 

Exp. 

I/Iₒ% 

Exp. 

dhkl [Å] 

Std. 

I/I0% 

Std. 

hkl 

Std. 

23.49 3.7842 40.42 3.7828 44 100 

29.70 3.0056 33.68 3.007 100 101 

43.68 2.0706 10.26 2.0734 32 102 

51.92 1.7597 6.66 1.7672 21 201 

55.93 1.6427 5.34 1.6527 6 003 

Amorphous structure of the 2θ and d-spacing observed experimentally in compared with the standard data) 

Crystallography Open Database (COD) (No.96-901-1649 Se). 

Table 2. D.C. Conductivity parameters for a-Se films at different annealing temperatures for (500nm) thickness. 

 
(295.5-314)K (314–363) K 

σR.T × 10
-8

 (.cm)
-1

 
  

R.T. 0.26 0.31 14.32 

323 0.27 0.32 1.44 

343 0.29 0.38 1.39 

363 0.34 0.44 1.34 

The increase in activation energy ( ) values with the increase of . 
Table 3. Exponent (S) value of a-Se films at different annealing temperatures for (500nm) thickness. 

 R.T. 323 343 363 

S 0.967 0.935 0.867 0.711 

Decrease of exponent (S) value of a-Se films with annealing temperatures for (500nm) thickness. 

 

Table 4. A.C Activation energies for Se films at annealing temperatures with (100, 1000, 10000 and 100000) Hz. 

  

(K) 
Frequency (Hz) 

01
5
 01

4
 01

3
 01

2
 01

5
 01

4
 01

3
 01

2
 

0.0161 0.0269 0.0433 0.0598 0.0099 0.0398 0.0487 0.0753 R.T. 

0.0174 0.0123 0.0201 0.1161 0.0013 0.0526 0.0878 0.0922 323 

0.0317 0.0499 0.1293 0.2128 0.0092 0.0631 0.0788 0.0952 343 

0.0634 0.1106 0.1818 0.2117 0.0126 0.1022 0.1141 0.1248 363 

The A.C activation energy and  for films decreased as the thickness increased. 
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Figure 1. XRD of Se with different annealing temperatures. 

Peaks started to grow prominent, reflection angel from 2θ=23.49°, due to the increase of grain size. 

 

 
Figure 2. The transmittance spectrum at different annealing temperature for 500nm a-Se thin films. 

The increasing of annealing temperature caused to shifts the peak of transmittance spectrum toward the shorter 

wavelengths. 
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Figure 3. The absorption coefficient at different annealing temperature for (500nm) thickness of Se thin films. 

The absorption coefficient of the Se films is characterized by strong absorption at shorter wavelengths region 

between (200-580) nm and without sharp edge on the long wavelength side from (600-1100) nm. 

 

 
Figure 4. The absorption coefficient plotted as (αhν)2 versus hν at different annealing temperature  of a-Se thin 

films for (500nm) thickness. 

The presence of a high concentration of localized states in the band structure has been responsible for low values 

of optical energy gap and electrical activation energy in both as-prepared amorphous films and those annealed. 

 
Figure 5. The absorption coefficient plotted as (αhν)2 versus hν of a-Se thin films with different thickness at 

annealing temperature (323)K. 

It is observed that the band gap of the thin films increases with increasing the thickness of the films. 
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Figure 6. The absorption coefficient plotted as ( )2 versus  of a-Se thin films with different thickness at 

annealing temperature (343)K. 

It is observed that the band gap of the thin films increases with increasing the thickness of the films. 

 
Figure 7. Ln σ versus 1000/T for a-Se films at thickness 500nm and different annealing temperatures. 

The plots (  ) versus ( ) are found to be straight lines in the temperature range of (314–363) K 

indicating that the conduction in these samples is through an thermally activated process. 

 
Figure 8. Lnσa.c as a function of Ln() for a-Se films at different annealing temperatures for (500nm) thickness. 

The A.C. conductivity increases with the increasing frequency for all samples.  is proportional to s 

which means that  dominates at higher frequency, in the range of (10
3
 – 10

5
) Hz. 
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Figure 9. Ln σa.c as a function of 1000/T for a-Se films with thickness 500nm and at annealing temperatures (a) 

303K (b) 323K (c) 343K & (d) 363K. 

A linear behavior of  of two stages has been observed over the entire temperature range (300 – 363) K 

indicating a thermal activated conduction mechanism. 
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