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Abstract The dark conductivity and transient photoconductivity measurements on thin films 
of a-Seso-,TexGaxl (0 < x < 20) have been reported in the temperature range from 148 
to 318 K. The results indicate that, at higher temperatures, hopping conduction takes place 
in the tail stales. At lower temperatores the conduction is due to v~iable-range hopping, 
which is in fair agreement with the Mou condition of variable-range happing. The Vansient 
photoconductivity measurements show non-exponential decay, md recombination in these 
glasses may be considered to take place through the valence and conduction bands. 

1. Introduction 

Chalcogenide glasses have attracted great attention because of their use in various solid 
state devices, such as switching and memory, image converters and optical mass memories. 
The effect of impurities on the electrical properties has been a controversial issue since the 
discovery of these glasses. 

In the present work, we report studies on the electrical transport properties of Se-Te 
alloys. Se is an important material and widely used to photographic drums, but in a pure 
state it does have disadvantages because of its short lifetime and low sensitivity. S e T e  
alloys are useful due to their greater hardness, higher photosensitivity, higher crystallization 
temperature and small aging effects compared to the pure amorphous selenium. It has also 
been pointed out [l] that Se-Te alloys have extra advantages over amorphous Se as far 
as their use in xerography is concerned. Various workers [2. 31 have studied the effect of 
incorporation of various elements (S, Te, Bi, As and Ge) on the structure of glassy Se by 
infrared, Raman spectroscopy and thermal studies. Theearly studies [4,5] show that these 
glasses are insensitive to impurities. However, later experiments show that the impurity 
effect does exist in chalcogenide glasses [6-9]. This shows that some impurity atoms may 
be situated in sites with an unusual configuration which do not allow their valencies to 
he satisfied and they therefore behave in an electrically active manner and can be donors 
or acceptors. Therefore, the effect of an impurity in chalcogenide glasses depends upon 
the composition of the glasses, the chemical nature of the impurity, the method of doping 
and the impurity concentration. We have chosen gallium as an additive material because it 
appears to be a quick hardener when added to pure selenium. It is also a typical metal having 
a low melting point (28°C) and a very high boiling point (2403°C). Recently, gallium was 
used in doping semiconductors and producing solid state devices. Moreover, gallium readily 
alloys with most metals and has been used as a component of low-melting alloys. It has 
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also become an attractive material as a substrate because of its good lattice matching with 
solid solutions of III-VI compound semiconductors, which are useful for the fabrication of 
solid state devices. Several workers [lo, 111 have conducted electrical as well as structural 
studies of Ga-Se binary alloys in the amorphous state. 

The present communication reports the effect of the incorporation of Te on the 
dark conductivity and transient photoconductivity in vacuum-evaporated thin films of 
Seso-xTexGazo (0 Q x < 20). 

2. Experimental details 

Glassy alloys of Sego-xTexGa20 (x  = 0,5,10, 15 and 20) were prepared by the quenching 
technique. Pure materials (99.999%) were sealed in quartz ampoules (length, about 5 cm; 
internal diameter, about 8 mm) in a vacuum of about Torr. The sealed ampoules were 
kept inside a furnace where the temperature was raised to 700 "C at a rate of 3-4 "C min-' . 
The ampoules were frequently rocked for 10 h at a temperature of 700°C to make the melt 
homogeneous. The quenching was done in ice-water. The glassy nature of these alloys was 
verified by x-ray diffraction. Thin films of the glassy alloys of Sego-xGazoTe, (0 < x < 20) 
were prepared by vacuum evaporation, keeping the substrates at room temperature and at 
a base pressure of about IO-' Torr. The films were kept inside the vacuum chamber for 
24 h to attain metastable equilibrium as suggested by Abkowitz 1121. Pre-deposited thick 
indium electrodes on a well degassed glass substrate were used for electrical contact. Planar 
geometry (length, about 1.5 cm; electrode gap, about 0.06 cm; thickness, about 5000 A) 
of the films was used for conductivity measurements. The measurements were made in 
the vacuum of about Torr. The temperature was measured with calibrated copper- 
constantan thermocouples mounted near the electrodes. For the electrical conductivity 
measurements, a voltage of 1.5 V (from a dry cell) was applied across the planar films and 
the resulting current was measured with a Keithley electrometer (model 617). A specially 
designed metallic cryostat was used to measure the dark conductivity and the transient 
photoconductivity of the thin films. A tungsten lamp (IO0 W) was used to irradiate the 
samples. The desired temperature in the cryostat was maintained using liquid nitrogen for 
low-temperature measurements. The error during the measurements was about f l%.  

Table 1. Electrical panmeters in a-Sesll-iTexGqo for the tempcramre mge 287-318 K. 

SesuCazn 8.19 x 0.31 0.890 0.84 
Se,SGa2oTeT 3.39 x 0.22 0.130 0.23 
SqoGazoTeelo 1.79 x 0.15 4.88 x IO-' 0.33 
Se6sGazoTels 6.68 x IO-5 0.07 9.16 x 0.49 
Sesl,GamTe2o 8.04 x lo-' 0.04 3.59 x IO-' 0.03 

3. Results and discussion 

3.1. Dark conductivity 

Figure 1 shows the temperature dependence of the dark conductivity of a-Seso-,Te,GaZo 
films. In all the samples, the plots of In UDC versus lOOO/T axe straight lines, indicating 



Figure 1. Temperature dependence of the DC conductivity in lhe temperature range 14&318 K 
at various concenmions of Te in the Sesn-,Te,Gam system. 

that the conduction in these glasses is through an activated process in the temperature range 
287-318 K. The DC conductivity um can, therefore, be expressed by the usual relation 

UDC = uoexp(-AE/kT) (1) 

where AE i s  the activation energy for DC conduction, k is the Boltzmann comtant and 
uo is the pre-exponential factor. Table 1 shows the calculated values of activation energy 
AE and pre-exponential factors UO. From the calculated values of activation energy AE 
and pre-exponential factor uo, one can suggest that the conduction is due to the hopping 
of charge carriers in the tail states. Figure 2 shows the variation in dark conductivity 
and activation energy with Te concentration for the temperature region 287-318 K. The DC 
conductivity increases from 8.19x C2-I cm-l as the concentration of Te 
increases. An increase in dark conductivity with a corresponding decrease in the activation 
energy is found to be associated with the shift of the Fermi level for the impurity-doped 
chalcogenide glasses [1,9]. However, it has also been pointed out that the increase in 
conductivity could be caused by the increase in the portion of hopping conduction through 
defect states associated with the impurity atom [9]. The activation energy AE alone does 
not provide any information as to whether the conduction takes place in the extended states 
above the mobility edge or by hopping in the localized states. Both these conduction 
mechanisms occur simultaneously, with conduction via localized states dominating at low 
temperatures. The activation energy in the former case represents the energy difference 
between the mobility edge and the Fermi level. In the latter case, it represents the sum of 

to 8.04~ 
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Figure 2. Concentration x versus In o x  in a-;Ses,,-,Te,Gaz(, at a temperature of 310 K, and 
concentration x versus AE in a-Seso-xTe,Ga20 (287-318 K). 

the energy separation between the occupied localized states and Fermi level and the mobility 
activation energy between the localized states for the hopping process. 

These two conduction mechanisms can be distinguished on the basis of the pre  
exponential factor uo. It was suggested by Mott [I31 that the pre-exponential factor cro 
(of equation (1)) for conduction in the localized states should be two or three orders smaller 
in magnitude than for conduction in the extended states and should become still smaller for 
conduction in the localized states near the Fermi level. The values of uo reported for a-Se 
and other Se alloyed films are of the order of lo4 S2-' cm-' [14] for conduction in the 
extended states, while in the present system the values of 00 decrease to IO4 a-' cm-'. 
Therefore, the possibility of extended-state conduction is completely ruled out and hopping 
conduction in the tail states [I51 is likely to take place. The low value of the pre-exponential 
factor 00 (about for the a-SeTe system has already been reported by Mishra et al 
[20]. The value of A E  decreases, which implies that either there is a large decrease in the 
band gap of the a-Sego-rTe,Gazo system (0 < x < 20) or the width of the localized states 
increases. 

The plot of In ODC versus lOOO/T in the high-temperature region (287-318 K) is linear. 
while a kink is observed at a temperature of about 278 K, below which the plot deviates 
from linearity. Therefore, the low-temperature data for these films have been replotted as 



Table 2. The Moil parameters for a-Seso_,TexGam. 

R W 
x A 31 4 0 (4 N ( E F )  (mv) 
(5% Te) ( K ' i r )  (K) (a-' cm-') (cm-') (at 260 K) (eV-l em-') (at 260 K) O R  

0 82.50 4.65 x IO' 46.65 x IO3 7.15 x loy 1.11 x 1.47 x IO2' 118.81 7.94 
5 64-72 1.53 x IO' 3.12 x lo' 2.90 x IOR ,2.13 x IO@ 2.66 x 92.92 , 6.18 

10 62.52 1.73 x IO7 1.31 x 16 1.15 x IO' 5.23X 1.86 x IOLy 89.77 6.02 
15 50.15 6.33 x IO6 2.91 x IO2 1.65 x IO' 2.93 x 1.31 x IO7" 72.49 4.84 
20 29.15 7.22 x IO' 1.77 x IO2 3.39 x IO4 ~ 8.29 x 9.99 x 41.97 2.81 

Table 3. The Mott parametes for a-Senn-rTe,Gazs, taking OL = IO7 cm-' 
~ 

x A m 4 R N ( E F )  W 
(W Te) (K'j') (K) (0 - l  em-!) (cm) (eV-l ~ m - ~ )  (meV) a R  

0 82.5 465 x IO' 46.65 x IO3 7.95 x 401 x IO1* 11855 7.95 
5 64.25 1.73 x IO' 3.12 x IO3 6.19 x IO-' 1.09 x IOi9 92.39 6.19 

10 62.52' 1.53 x 10' 1.31 x IO2 6.02 x  IO-'^ 1.22 x IOl9 89.74 6.02 
15 50.15 6.33 x IO6 2.91 x 16 ' 4.83 x IO-' 2.92 x l0ly 72.35 4.83 
20 29.15 7.22 x 10' 1.77 x IO2 2.81 x IO'' 2.57 x IO2" 41.89 2.81 

In u d T  versus T - I I ~  (figure 3). 
Table 1 shows the high-temperature conductivity data for a-Seao-xTe,Ga20 (where 

0 < x < ZO), which confirms the thermally assisted tunnelling of charge carriers due 
to hopping in the tail states. The conductivity in low-temperature region (148-287 K) 
increases very slowly with increasing temperature, which suggests that conduction is due 
to variable-range hopping in localized states near the Fermi level. It may be mentioned 
here that, when sufficient phonon energy is available. the hopping is thermally assisted and 
is between the nearest neighbours in accordance with equation (1). On the other hand, 
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Figure 4. Rise and decay of photocurrent at 203 K in a-Ses,-,TeIGa2o. 

when the phonon energy is insufficient, the more energetic phonon-assisted hops become 
favourable, as a result of which the carriers will tend to hop a larger distance in order to 
locate sites which are energetically closer than the nearest neighbours. This variable-range 
hopping mechanism is characterized by the Mott [U] expression of the form 

where 

N ( E F )  is the density of localized states at E p ,  A is a dimensionless constant (about 18), 
a-' represents the spatial extension of the wavefunction exp(-aR) associated with the 
localized states and k is the Boltzmann constant. The value of U; as obtained by various 
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Figure 5. Rise and decay of photocurrmt at 287 K in a-Seso-,TexGaza. 

workers 114-191 is given by 

where e is the electron charge and y is the Debye frequency (about IOl3 Hz) [14]. 
Simultaneous solution of (3) and (4) yields 

CY = 22.52aiA2 cm-' (5) 
and 

N ( E ~ )  = 2.12 x 1 0 9 ~ ; 3 ~ 2  cm-3 ev-1. (6) 
The hopping distance is given by [IS] 
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and hopping energy is also given by [E] 
3 

~ z R ~ N ( E F ) '  
W =  

It may be mentioned that it is difficult to distinguish between equations (1) and (2) on 
the basis of the observed conductivity-temperature variation. The only possible distinction 
that can be made is on the basis of the value of W and a!R, which according to Mott 
[15] should have values greater than kT and unity, respectively, for variable-range hopping 
conduction. Various Mott parameters A, U;, N(E.c), TO, a!, W and cuR are calculated using 
equations (2)-(8) and are given in table 2. It is found that the values of To, W and a! 

decrease with increasing Te concentration. Since To represents the degree of disorder and 
a-' the degree of localization, it follows that the amorphicity of the samples decreases 
with increasing Te concentration. The Mott formula, however, yields unreasonable results 
(table 2) such as N ( E F )  = 10" and IOz3 eV-] C I I - ~ .  respectively, for SegoGaZo and 
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Figure 7. Rise and decay of photocurrent at a wavelength of 660 nm and at 281 K in 
a-Seso-rTexGa2tl. 

Se70TeloGazo. Such discrepancies in the Mott formulation have also been reported by other 
workers [19,21]. Brodsky and Gambino [22]. however, removed this discrepancy to some 
extent by assuming the constant value of E-' to be 5 A. They reported a localized-state 
density of 2 x 1019 eV-' cm- for a-Ge films. Therefore in the present case the Mott 
parameters I231 have been recalculated by taking a constant value of a: equal to lo7 cm-' 
(table 3) and these results are similar to those obtained by other workers on chalcogenide 
glasses. It is evident from table 3 that the localized-state density N ( E p )  increases from 10I8 
to lozo with increasing Te concentration. Tellurium glass contains short chains, while Se 
glass contains a mixture of long chains and Se rings. As the Te concentration increases, the 
number of Se rings decreases and the number of long Se-Te polymeric chains and S e T e  
mixed rings increases [3]. It has also been pointed out [24] that the density of localized 
states increases as the Te concentration increases in the a-Se-Te system. The electron affinity 
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of the Te atom is lower than that of Se, and no Te atom is mixed in Se atom chains and 
therefore could not act as an ionized impurity [25]. For this reason, the degree of disorder 
decreases and the density of defect states increases on incorporating Te in the a-Se-Te-Ga 
system. These results are in good agreement with the results obtained by other workers 
for amorphous films [26-28]. It may also be mentioned here that the magnitude of TO/ T 
1291 should be higher by two or three orders for amorphous films than for polycrystalline 
films [30], and this has been observed in the present system of a-Seao-xTexGazo (where 
0 < x < 20). Therefore, it can be concluded that the Ga content present in the a- 
Se~o-zTexGa~o (x = 20) crystallizes, thereby making the film less morphous. Gallium 
has a more pronounced effect on conductivity as the number of long Se-Te polymeric 
chains and Se-Te mixed rings increases [31. It is also evident from tables 2 and 3 that 
the values of W and aR are almost equal irrespective of the value of a, which may be 
evaluated with the help of the Mott pre-exponential factor U; or can be assumed constant 
[U]. At low temperatures, we have calculated the hopping energy W. The order of W is 
inconsistent with the results of the other workers [31]. Thus, the present observations are 
in fair agreement with the Mott condition of variable-range hopping conduction, because 
W % 4kT and a R  % 6.0. From the above discussion, one is led to the conclusion that, at 
higher temperatures, hopping conduction is taking place in the band tails of localized states 
and at lower temperatures the conduction is due to variable-range hopping with a kink at a 
temperature of about 278 K. 

3.2. Photoconductivity 

Figures 4-7 show the rise and decay of the photocurrent in a-Seao-xTe,Gazo. Transient 
photoconductivity measurements have been made at different temperatures (203, 287 and 
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Figure 9. Iph versus time I at various illumination time (I = 30, 60.90 and 120 s). 

318 K) using white light. The plots of Z,n versus time at temperatures (203, 287 and 318 K) 
show that the photocurrent at all temperatures and at a particular intensity (108 lux) increases 
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with time. These specimens at all temperatures show non-exponential decay [32]. The 
persistent photocurrent and slow decay are observed for all specimens at all temperatures; 
this may be due to carriers trapped in localized states. The photocurrent does not reach zero 
aftcr decaying for a very long time (4 min) after the incident radiation is switched off. The 
light exposure of all the samples remained for 2 min. Several workers [33,34] have reported 
the persistent photocurrent and slow decay in various other amorphous semiconductors. 
Transient photoconductivity measurements have also been made at a wavelength of 660 nm 
and at a temperature of 287 K (figure.7). The rise and decay of photocurrent at this particular 
wavelength are of the same nature as observed in white light, but only the magnitude of 
the photocurrent becomes large. 

To study the decay rate at various temperatures and illumination times, we have used 
the differential lifetime concept as suggested by Fuch and Mayer [33] which is given by 

Z H Khan et a1 

td = - [ ( l / ~ , ~ ) ( d ~ ~ ~ / d ~ ) l - ' .  (9) 

From the slopes of I,), versus time curves (in the decay region) (figures 8 and 9) and using 
equation (9), we have calculated the values of differential lifetime y at various illumination 
times (t = 30.60, 90 and 120 s). The results are plotted in figure 10. It is clear from the 
figure that rd increases with increase in exposure time. This confirms the non-exponential 
decay [33] in the present case; as for exponential decay, r,, should be constant with time. 
The slow decay and long time constant can be explained in terms of trapping of charge 
carriers in the levels whose energetic depth from the conduction or valence band is large. 
So, recombination can be considered to take place through the valence or conduction band. 
The long time constant and slow decay can also be explained on the basis of band-to-band 
recombination via capture of an electron by the lattice defect [35]. The energy of a defect 
level depends on the relative position of the defect atom with respect to its surrounding 
lattice atoms. After the capture, the defect level moves up and down in the band gap about 
its equilibrium position, indicating very large relaxation. Therefore, in the decay process 
the differential lifetime becomes large. It has also been observed (figure 8) that, at x = 5%. 
the photocurrent (in the decay region) decreases with increasing illumination time; this may 
be due to the defect states present in two different levels creating holes in the recombination 
process [36]. The photosensitivity U,,h/ud is also calculated (table 1) at a particular intensity 
(108 lux) and at room temperature (287 K). The photosensitivity is very low for all the 
samples. The photosensitivity decreases with increasing Te concentration. The maximum 
photosensitivity is observed in binary Se&azo only. The low photosensitivity reveals that 
thermally generated charge carriers recombine with majority charge carriers at a distance 
near the bottom of conduction band [37] in the Sea,,-xTe,GaZo system. Here, it is interesting 
to explain this slow decay and low photosensitivity in terms of the density of the defect 
states. Hjartarson and Kao [38] made photoresponse measurements in the SeTe  system and 
concluded that the density of defect states increases by incorporation of Te. In the present 
system of a -Se~~-xTexGa~ ,  the densityof defect states increases (table 3) and this increase 
in the density of defect states will consequently decrease the trap level, resulting in a low 
photosensitivity. 

4. Conclusion ' 

From the above results and discussion, one may conclude that hopping conduction is 
taking place in a-Seso-,TexGa~ (where 0 < x 6 20) over the entire temperature range 
of investigation. In the higher-temperature region (287-318 K), conduction takes place by 
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hopping of charge carriers in the tail states while, in the lower-temperature region (148- 
287 K). the conduction is due to variable-range hopping with a kink at a temperature of 
about 278~K, which is in fair agreement with the Mott condition of variable-range hopping 
conduction. Gallium gives a more pronounced effect on electrical conductivity as the Se-Te 
polymeric chain and Se-Te rings increase. The results of the transient photoconducti.vity 
observations show non-exponential decay. The recombination process in these glasses is 
taking place through the valence and conduction bands. 
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