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Investigation of density of states of Se-Te-Ag thin films by SCLC measurements
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The present paper reports the DC conductivity measurements in vacuum evaporated thin
film of a-Seys,TesAgy (x = 0, 4, 8, 12 and 16 at. %) sample. Current voltage (I-V)
characteristics of these films have been studied at different temperatures with varying the
voltage from 0 to 400V. In all the samples, ohmic behaviour is observed at low electric
fields up to 3.75x10* V/em. However, at high fields (>3.75x10> V/cm), the DC
measurement indicates that the electrical transport is governed by the space charge limited
conduction (SCLC) mechanism. The detailed analysis of current-voltage limited
conduction mechanism characteristics on the basis of SCLC theory reveals the presence of
uniform distribution of localized states in the mobility gap of these materials. The addition
of silver in a-Segs.<Te4Agy decreases the density of localized states in the mobility gap.
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1. Introduction

The relationship between structure and electronic properties has been the object of
invariable attention in the physics of condensed matter. This problem is most important for non-
crystalline semiconductor, and specifically for chalcogenide glassy semiconductor with low
coordination of atoms, which leads to labiality of their structure [1-4]. Recently, silver doped
chalcogenide semiconductor have been extensively studied, because of their interesting
fundamental properties and wide commercial applications, especially in the solar cell technology
for terrestrial uses. The potential applications of chalcogenide semiconductors are now in the field
of optics, the interest being chiefly from either their infrared transmitting properties or the many
photo-induced effects they exhibit. They have also potential uses in many solid-state devices such
as switching, memory devices, imaging sensors and optical data storage [5-9]. Enormous interest
has been shown in a-Se-Te alloys due to their great hardness, higher photosensitivity, higher
crystallization temperature and smaller aging effects as compared to pure amorphous Se or Si [10].
Amorphous semiconductor has inherent defects states in the mobility gap and the density of such
localized states (go) controls many physical properties of these materials [11-12]. One of the most
direct methods for the determination of gy involves the measurements of space charge limited
current that can easily be observed at high electric fields in amorphous materials because of their
low conductivity. The density of localized states near the Fermi level is calculated using the theory
of SCLC for the case of uniform distribution of traps. Silver ion conducting system in
glassy/amorphous phase attracted widespread academic as well as technological interests recently
due to the reason that they exhibited several advantageous material properties due to very high
conductivity at room temperature. Silver as a dopent element to a-Se-Te system causes structural
changes in the material which in turn modify band structure, and hence the electrical properties
due to its ionic nature [13-15]. The purpose of the present study is to report some electrical
conduction mechanism to determine the influence of silver content on the properties of a-Se-Te
system and characterize its dependence on temperature and electric field. That is, the Se part of the
a-Se-Te content is substituted by silver, with the Te set at a fixed content. A lot of work have been
done on electrical, optical and dielectric properties of this mixed system by various workers
[14,16-21] in detail, but there is a little research work into the high field conduction studies of a-
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SegsxTesAgy (x =0, 4, 8, 12 and 16) system. In the present work, we have studied the current—
voltage (I-V) characteristics as a function of temperature and electric field dependence on
thermally evaporated a-Segs,TesAg, thin film. An attempt has also been made to study the
transport mechanism in these glassy alloys.

2. Experimental

SegsxTesAgy (x =0, 4, 8, 12 and 16 at. %) glasses are prepared by the melt quenching
technique. Appropriate quantity of 5N purity elements were sealed in quartz ampoules under a
vacuum of 10 Torr. The sealed ampoules were then placed in a Microprocessor-Controlled
Programmable Muffle Furnace where the temperature was increased at the rate of 4 K per min. up-
to 1300 K and kept at that temperature for 12 hours with frequent rocking to insure the
homogeneity of the melt. After rocking for about 12 hours, the obtained melts were cooled rapidly
by removing the ampoules from the furnace and quickly dropping into ice water. The quenched
samples of a-Segs.xTesAgs were taken out by breaking the quartz ampoules. The amorphous nature
of the samples was confirmed by the absence of any sharp peaks in the x-ray diffraction pattern in
fig. 1. However, in fig. 1(a) has some peaks of the selenium elements in the SeqsTe, system. These
peaks have very small intensity, and the sharpness is not clear in the fig. 1(a) as well as in 1(b).
These peaks may be due to the grain growth of the selenium in the SeqsTes system. In fig. 1(b)
there is an only single peak at the incident angle 30°. It is only due to selenium elements, so the
present system Seqs xTesAg, as amorphous materials.
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Fig. 1. DC conductivity Vs 1000/T for thin films of a- Se¢s xTesAgy glassy system (0 < x < 16).

Thin films of these glassy alloys were prepared by the vacuum evaporation technique
using a standard coating unit (model EU-300). Well-degassed corning glasses plates, having pre-
deposited indium electrode for electrical contact, were used as a substrate for depositing
amorphous films in the planer geometry and different electrode gap. These films were prepared at
a base pressure of ~10” Torr by keeping the substrate at room temperature. Thickness of the thin
films (5000A°) has been measured by using the single crystal thickness monitor. The deposition
parameters were kept almost the same for all the samples so that a comparison of results could be
made for various glassy samples. DC conductivity and I-V measurement were carried out in a
specially designed sample holder where a vacuum of ~10~ Torr was maintained throughout the
measurement. For DC conductivity measurement, a dry cell of 1.5 V was used as a constant dc
source. A dc voltage (0-400V) was applied across the sample and the resulting current was
measured by a digital electrometer ( Keithley model 617). The temperature was measured by
mounting a copper—constant thermocouple. Keithly LCZ meter (3330) was used for measurement
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of capacitance of the bulk samples at lower frequency (200 Hz) and at temperature 358 K, which is
involved in the calculation of density of states.

3. Results discussion

Fig. 1 shows the temperature dependence of dc conductivity for a thermal evaporated thin
film of a- SegsTesAgy (x =0, 4, 8, 12 and 16) system. It is clear from figure 1 that the plot of In
Ggc Vs 1000/ T is linear in nature in the temperature range 300 —440K. This indicates that the
electrical conduction in the film form is through an activated process with single activation energy
in this temperature range. The dc conductivity can therefore be expressed by the conventional
relation [22]

O4c- 0o exp(- AE/ kT) (D)

where o, and AE represent the pre- exponential factor and activation energy respectively. The
calculated values of 4. 6o and AE (from fig. 1), given in Table 1 for these films, 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 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. As both the conduction mechanism occur simultaneously, with the conduction via
localized states dominating at low temperatures, the activation energy in the former case represent
the energy difference between the mobility edge and Fermi level. In the later case, it represents the
sum of the energy separation between the occupied localized states and Fermi level, and the
mobility activation energy for the hopping process between the localized states. In order to
obtained a clear distinction between these two conduction mechanism, Mott [1] has suggested the
conduction mechanism in amorphous materials such as the conduction at the localized states is
two-three orders less than the extended states and should become smaller in magnitude than the

conduction in the localized states near to the fermi level. The value of o, reported for the

selenium or other selenium alloy films are of the order of 10° to 10* or greater than it, for
conduction in the extended states [23].
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Fig. 2 Variation of activation energy and DC conductivity Vs concentration for a-Seqg .
«TesAg, glassy system (0 <x < 16).
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In our present system, ., is increases from10° to 10, thus the conduction takes place in the

extended states [1]. Similar results of selenium-based alloys also have been found by other
researchers [24-26]. As the , increases with silver concentration, similarly the activation energy

dc conductivity increases for x = 0, 4 and 8% of silver, after that for higher concentration of silver
x = 12 and 16%, 4, is decrease thus the activation energy and dc conductivity also have been

decreases but for all the silver concentration, density of states decreases from 10" to 10'® (eV'em™
%). The other workers have also been found the same density of states in the selenium-based alloys
like the product of total no density of states and total no of pairs [27-30]. Again, the increase in the
values of activation energy (AE) and pre-exponential factor with silver concentration (up to x = 0,
4 and 8%) shows that the mobility (conduction) of charge carriers in the trap states increases with
silver content which can be attributed either to increase optical gap or to increase the width of the
localized states region, however dc conductivity is almost constant for each silver concentration.
At higher concentration of silver, the decrease in the value of pre-exponential factor can be
attributed to the decrease in the density of localized states. Fig. 2 shows the variation of activation
energy and dc conductivity with the silver concentration in the present sample. An increase in dc
conductivity with a corresponding decrease in the activation energy is found to be associated with
the shift of the fermi level in impurity doped chalcogenide glasses [31-32].

Several workers [33-36] have pointed out that when a metal undergoes chemical
combination, it forms compound where the distribution of charge takes place in the outer level to
the most likely level or surface that can be affected by the redistribution of electrons in the fermi
level or surface. This is, when a metal undergoes chemical combination and forms a compound its
Fermi level should change. This can also be explained on the basis of the change in
electronegativity. According to Sanderson [37], when an element combines with other elements,
they come together at an intermediate value of electronegativity, which is the geometric mean of
the combining atoms.
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Fig. 3. Distinction between ohmic and SCLC region for a-Seqs < TesAg, glassy system for
electrode gap “d”=0.12 cm

For the present system, the electronegativity (X.) has been calculated by Sanderson’s
equalization using, Husain et al. [38], values of electronegativity for different elements and
calculated values are shown in Table 1. It is observed that the electronegativity of the system
decreases as the Silver concentration increases. So, one can infer that the decrease in
electronegativity, increases dc conductivity of the system.
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The I-V characteristics for a-Segs s TesAg, thin film indicates its ohmic behavior up to
3.75 x107 volt / cm as shown in Fig 3. However, at higher field (>3.75 x 10> V/cm), the non-ohmic
behavior is observed due to the predominance of charge carrier injection from electrode into the
sample. Fig. 4 (a and b) shows the In (I / V) Vs voltage plot for a-SeysTes and a-SeqsTesAg, at
different fixed temperature in the range 300-370K for electrode gap 0.12cm. Similar results were
obtained for other samples for all different electrode gaps (results are not shown here). From Fig.
4 it is clear that the plot of In (I/V) Vs V is a straight line for all the fixed temperature and the
slope is not constant (same) at all the measuring temperature. This type of behavior has also been
reported by other workers in chalcogenide glasses [37-39]. Now the values of these slopes (From
fig. 4) plotted as a function of temperature are shown in Fig. 5 for all the studied samples for
electrode gap d = 0.12cm. It is observed that the slope decreases as the temperature increases in
the present sample (in Fig. 5). According to the theory of SCLC, in the case of uniform
distribution of localized states gy current I at a particular voltage V is given by the relation [40-41]

I[=KV exp (SV) (2)
where K is a constant and S is given by

S = 2g¢,/qgod’kT (3)

where g is the Permittivity of free space, €, is the relative dielectric constant, d is the electrode gap,
k is the Boltzmanns constant and g, is the density of localized states. It should be noted that
equation 2 is not an exact solution of SCLC equation, but it is a very good approximation of the
single carrier space charge limited current under the condition of a uniform distribution of
localized states. From equation 2, In (I/V) Vs V curves should be straight lines (Fig. 4) whose
slope should decrease with increase of temperatures as evident from equation 3. Similar
phenomena are observed in a-SeqsTe, and SegsTesAgy sample. Fig. 5 shows the slope decreases
with the increase of the temperature, which confirms the presence of SCLC in the present sample.
Thus, for SCLC mechanism, the slope (S) increases linearly with the electrode gap. Thus, the [-V
characteristics for all samples having different electrode gap (d) have been recorded. The
calculated values of these slopes in these thin films of a-SegsxTe4sAgy have been plotted against
1/d* as given in Fig.6. It shows that the slope decrease as the electrode gap increases for the silver
content up to x= 0, 4, which confirms again the validity of equation 3 in the present case and for
higher concentration of silver (x =8,12and 16 %) too, the validity of equation 3 is true (results are
not shown). The plot of In I vs (E) 2 were not found to be a straight line (results are not shown
here) and in the case of Pool Frenkel effect, the slope (S) must be independent of the electrode gap
(d) [42]. Hence the possibility of such a conduction mechanism is ruled out. The density of
localized states (go) can be obtained from the slope of S against 1000/T curves when the values of
dielectric constant (¢') are known. To calculate the dielectric constant, we use a specially design
sample holder from which we measure the capacitance of the sample in pellet form (diameter =
1.2cm and thickness = 0.10 cm) and calculate the dielectric constant by dividing the capacitance in
the vacuum. A vacuum of 10° Torr has maintained in the sample holder at the time of
measurement. Using this measured value of dielectric constant at temperature 358K and frequency
200Hz, the values of g, were calculated for the present samples.

Tablel. Electrical parameter and density of states of a Sege.xTesAgy system

Sample Activation |DC Gy g’ Slope (S) Density of X
Energy(AE) |Conductivity [ (Q'em™) (mhos -V States (gg) (Electro-
(ev) (64)(Qem™) (eV'em™) negativity)
SegsTes 0.76 11.58x1078 5.7x10° 90 0.94x10°  [2.76x10'® 2.132
Seq,TesAg, 0.91 11.74x10° 7.39x10° 128 0.70x10° | 5.25x10"® 2.121
SegsTesAgs 1.01 13.58x10® 2.18x10’ 54 2.50x10°  |6.23x10"7 2.108
SegsTesAg), 0.52 76.6x107 1.59x10* 52 1.52x10°  |9.87x10" 2.096
SegoTesAgie 0.44 65.8x107 1.01x10° 31 9.16x10°  [9.76x10'¢ 2.087




Investigation of density of states of Se-Te-Ag thin films by sclc measurements

153

2 A AgO 2.5 7 Ag 4
15 - 21
i a k] -
E"l - = 13 4
o o1
05 * 2
: 05 4
I:I T T ! D T T 1
0 100 200 300 0 100 0 00
1 (om ™) 1fd2icm'22?
25 7 Ag 8 2 7 Ag 12
. / 15 -
15 - +* & /
o ) 1 4
o 1A @)
05 | 05
I:I T T 1 I:I T T 1
0 100 200 300 0 100 200 300
14d? (o) e {cm™)
8 7 AQ16
B S —
€L 5
S 4 - il
o
2 ]
I:I T T 1
0 100 200 300
1d? (o)

Fig. 6. Variation of slope Vs electrode gap (1/d) for a-Seqq < TesAgy system.




154 Satish Kumar, M. Husain, M. Zulfequar

o
?

a- Sege_xT94 Agy

n w & a
? ? Q ?

density of states(gy) (evlem® x10717

S
1

o T T T 1
0 4 8 12 16
Concentration (X %)

Fig. 7. Density of states “gy” Vs concentration (X %) curves in a-Segs «Te,Agy by the
SCLC measurements.

The density of localized states decreases as the silver concentration increases, given in
Table 1. Fig. 7 shows the variation of density of localized states in the mobility gap with the silver
concentration. The lone pairs and the other configuration, which the system might have undergone
at the time of quenching, could be responsible for the decrease in the density of localized states.
The variation can be explained in terms of charged impurity in the structure of Se-Te bonds.
Schottmiller et.al have studied the effect of addition of various elements (S, Te, Bi, Ag & Ge etc.)
on the structure of glassy Se by IR and Raman spectra. According to them, in glassy Se about 40
% of the atoms have a ring structure and 60 % atoms are bonded as polymeric chains. An
incorporation of Te decrease the Se ring concentration favoring Se-Te polymeric chains and mixed
rings [42-43]. On addition of Ag into Se-Te systems, might chains have decreased and rings get
increased which decreases the defect states (D", D") in the Se-Te rings and chains, this is because
silver decreases the localized states. The present results indicate that, at low concentration of
silver, the atoms might have entered into the polymeric chains of Se-Te, which may increase the
density of states (go). However at higher concentration, these atoms may enter into the ring

structure of Se-Te, which could decrease the g,. Also the density of localized states decreases with
decrease the electro negativity of the system.

4. Conclusion

The temperature dependence of dc conductivity of a-SegsxTesAgs (x =0, 4, 8, 12 and 16)
thin films has been used to calculate the activation energy and pre-exponential factor, which
inferred that the conduction mechanism of charge carriers in the extended states. On increasing the
concentration of silver, the increase in dc conductivity and decrease in activation energy is due to
decrease of localized states in the band gap. The SCLC mechanism holds validity in the above
study. Addition of Ag into Se-Te system might decrease the chain and increases the rings of Se-
Te, which in turn decreases the defect states (D', D). This is probably the reason that silver
decreases the localized states. The present results indicates that, at low concentration of Ag, the
silver atoms may enter into the polymeric chains of Se-Te, which increases small change in
density of states (gy). However at higher concentration, these atoms may enter the ring structure of
Se-Te, which could decrease the density of localized states (gy) in the band gap. As the
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electronegativity of the system decreases, the corresponding dc conductivity increase and the
density of states decreases with the increase of silver concentration of the system.
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