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Electrical resistivity of amorphous antimony 
trisulphide films 
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The electrical resistivity of amorphous antimony trisulphide films was investigated in the tem- 
perature range from 0 to 200 ~ C. The temperature dependence of the resistivity follows the 
ordinary semiconducting behaviour above room temperature. The electrical band gap was 
found to be consistent with a mobility gap. By annealing the conductivity reduces and the 
slope of the conduction is increased indicating tb~t the mobility gap is appreciably enhanced 
by annealing. 

1. Introduction 
Antimony trisulphide corresponds to the stoichiomet- 
ric binary semiconducting compounds which are of 
great interest as amorphous and crystalline materials. 
Problems may arise from decomposition during the 
process due to the preparation technique. The con- 
ditions of creating stoichiometric Sb2S 3 films on 
substrates are highly dependent on vacuum con- 
ditions, deposition rate and the substrate. 

The properties of thin films of 5b2S3, such as 
photoelectric properties [1, 2], the conduction and 
charge carrier transport mechanism [3, 4] and various 
types of contacts given by metal electrodes to Sb2S 3 

films [5] have been investigated. In all these cases the 
films were prepared by the vacuum evaporation of the 
compound Sb2S 3 which may cause some departures 
in the stoichiometry of the compound film formed. 
The temperature dependence of the conductivity of 
coevaporated films of SbzS 3 prepared at different sub- 
strate temperatures was also studied [6]. 

In the present paper the electrical resistivity of 
amorphous films of Sb2S3 vacuum deposited on 
optically plane glass slides was investigated in the 
temperature range from room temperature up to 
200 ~ C. The behaviour was studied for as-deposited 
and pre-annealed films. 

2. Experimental techniques 
Thin films of antimony trisulphide were obtained 
by conventional thermal evaporation of the original 
material (industrially grade lead-grey of purity 99.9%, 
Balzers, Germany) using molybdenum boats in 
133.3 x 10 -6 Pa vacuum. All the films were prepared 
on optically plane microscope glass substrates; 
cleaned and subjected to ion bombardment in the 
vacuum system. The thicknesses of the films were 
measured using multiple beam interferometric methods 
and a quartz crystal film thickness monitor. Structural 
studies were made using an X-ray diffractometer 

(Philipps D500) with CuK~ radiation and a trans- 
mission electron microscope (EM 10, Zeiss). 

The two-point probe technique was employed for 
measuring the electrical resistivity with some modifi- 
cation to eliminate the effect of the contact resistance 
given that the specimen cross-section is relatively uni- 
form. The film resistors are commonly characterized 
by a normalized parameter, called the sheet resistance 
R, which is related to the resistivity ~ by 

Hence, 

R = o/d = rw/l  

wd 
~ = r  I 

where w, d and l are the film width, thickness and 
length, respectively, and r is the resistance of the film. 
The film resistance was measured in darkness in the 
temperature range from room temperature to 200 ~ C. 
The temperature was determined to an accuracy of 
+0.5~ using a chromel-alumel thermocouple. 
During measurements the body of the furnace was 
earthed to avoid the effect of external stray fields. A 
high impedance electrometer (Keithley, type 610 C) 
was used for measuring the resistance directly. 

3. Results and discussions 
An X-ray diffraction study of the bulk showed that the 
material was crystalline (Fig. la). Vacuum-deposited 
films were amorphous in nature and featureless, A 
typical X-ray diffractogram is shown in Fig. 1 b com- 
pared to that of the bulk. Even after temperature 
cycling (< 200 ~ C) these films did not show any sig- 
nificant grain growth or crystallinity when observed 
by transmission electron microscopy or the selected 
area diffraction method. 

The current-voltage characteristics of Sb2S3 film 
contact with vacuum-deposited aluminium electrodes 
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Figure 1 X-ray diffraction pattern of  
vacuum-deposited Sb z S3 film compared to 
the powder pattern. 

are linear (Fig. 2) in the case of positive or negative 
polarity and also at high temperatures (<  200 ~ 
indicating an ohmic contact, i.e. no hysteresis or rec- 
tification occurred. 

The temperature dependence of the electrical resis- 
tivity of amorphous Sb2 S~ films of thickness varying 
between 200 nm and 700 nm is shown in Fig. 3. Above 
room temperature the resistivity changes according to 
the ordinary semiconducting relation 

= @0 exp ( A E / K T )  

where AE represents the activation energy of the con- 
duction mechanism. The activation energy deduced 
from the experimental data was found to be 0.93, 0.85, 
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Figure 2 Current voltage characteristics of  AI-Sb2S 3 film contact. 

0.84 and 0.79eV for 200, 300, 430 and 700nm thick 
films, respectively. The activation energy decreased on 
increasing the film thickness (Fig. 4). The decrease of 
the activation energy might be attributed to the fact 
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Figure  3 Temperature dependence of  the electrical resistivity of  
amorphous Sb2S 3 film as a function of  film thickness. 
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Figure 4 Activation energy plotted against film thickness. 

that the surface states are becoming less involved in 
the carrier matrix (hopping motion). It should be 
noted that the activation energy determined from the 
dark conductivity of Sb2S3 crystals lies between 0.5 
and 0.6eV [7]. However, films prepared at substrate 
temperatures below 250~ showed separate values of 
the activation energy in the range 0.9 to 1.1 eV [6]. 
In the case of such films the condensation of excess 
sulphur on the substrate was possible [8], and might 
also result in the non-stoiehiometry in the film formed. 

The forbidden band determined by optical methods 
[9] is larger than the value of Eg obtained from the 
temperature dependence of resistivity. This fact is in 
agreement with Mott 's view, namely that the position 
of the Fermi level in amorphous materials does not 
occur precisely in the middle of the forbidden band 
due to a difference in the smearing of the valence and 
conduction bands [10]. 
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Figure 5 Extrapolation of  the intrinsic conduction to 1/T = 0 for 
the amorphous  semiconductor Sb2S 3. 
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Figure 6 Relation between electrical conductivity at room tem- 
perature and electrical band gap for a number  of  semiconductors,  
a = amorphous,  c = crystalline [18] (The corresponding values of  
ant imony trisulphide are shown as depicted from the present work). 

The relatively large distance between the absorption 
edge and electrical gap indicates that at the band edges 
of amorphous Sb2S3 a large number of energy states 
over a relatively broad energy range contribute only 
very weakly to conductivity. This feature can be 
understood by the well known model of Gubanov [11], 
Banyai [12] and Mort [13], that due to the disorder, the 
states near the band edges become localized, whereas 
only beyond a certain energy do they become non- 
localized or extended. The measured electrical band 
gap, therefore, is not a density of states gap as in 
crystals but is actually a mobility gap as has been 
pointed out by Cohen, Fritzsche and Ovshinsky [14]. 

The non-linearity of the resistivity curve in the 
log Q - ( l /T)  plot at low temperatures indicates that 
here the activation energy is not constant. It is thought 
worthwhile to test whether the cause of this finding 
could be the predominance of thermally activated 
hopping conduction in which case the mobility would 
behave following the relation [15] 

# = A exp ( - B / T  q4) 

where A and B are constants. The non-linearity can 
also be explained by a slow shift of the Fermi level 
with temperature due to a high density of localized 
states. 

A significant feature of the intrinsic conduction of 
amorphous and also of crystalline SbzS 3 is that the 
extrapolation of all curves to I / T  = 0 lead to approxi- 
mately the same value of the resistivity, g0 here 
(Fig. 5). The value of Q0 for other materials is also only 
slightly changed by the transition to the amorphous 
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Figure 7 Temperature-dependence of the electrical resistivity of 
amorphous Sb2S3 films (310nm) annealed for 1 h at 50 and 150~ 

phase [16]. A relation between the conductivity at a 
certain temperature (e.g. at room temperature) and 
the corresponding activation energy was found [17] 
for amorphous semiconductors. Fig. 6 shows such a 
relation, where each point corresponds to a tempera- 
ture dependence of  a certain material in the amorph- 
ous or in the crystalline state. Therefore, it seems to be 
a general rule that o- 0 for most amorphous semicon- 
ductors amounts to about 103-104~ ]cm -J and that 
it is only slightly changed in going to the crystalline 
state [18]. To explain this result we note that the value 
of ~0 for crystals is essentially determined by the 
product of the effective density of states and the 
microscopic mobility. The small change of ~0 at the 
transition to the amorphous state shows that this 
product is not strongly changed for the energy states 
at the mobility edge. B6er [19] has estimated that with 
a reasonable density of states the mobility here is 
about 50-100cm2V-~S ~. This value is much larger 
than the value in the mobility gap [20]. Obviously 

here a serious problem exists, which for a more 
detailed understanding of  the transport mechanism 
in amorphous semiconductors at the mobility edge 
probably is of great importance. 

The as-deposited films were annealed inside the 
vacuum chamber at certain temperatures for 1 h and 
thereafter the annealed film was left to cool gradually 
to room temperature. The resistance of  each film was 
then measured as a function of temperature. The tem- 
perature dependence of the resistivity of amorphous 
films of  the same thickness (310 nm) annealed for 1 h 
at 50 and 150 ~ C is shown in Fig. 7. On increasing the 
annealing temperature the resistivity increases, i.e. the 
conductivity reduces. By annealing not only the con- 
ductivity reduces, but the slope of the conduction is 
increased. Therefore, the mobility gap is appreciably 
enhanced by annealing. Possibly this interesting result 
can be interpreted by the assumption that the disap- 
pearance of  a number of dangling bonds leads to a 
stronger distortion of  most other bonds. 
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