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Electrical and photoelectrical properties of vacuum
deposited Se-Te-Pb thin films

N. KUSHWAHA, R. K. SHUKLA, A. KUMAR
Department of Physics, Harcourt Butler Technological Institute, Kanpur-208 002, India

The d. c. electrical properties of amorphous thin films of SegsTeis - x Pby, prepared by vacuum deposition technique, have
been studied at low and at relatively high temperatures. The dark conductivity studies show that the conductivity increases
with increasing temperature at all temperature range. Two types of conduction mechanisms were found to dominate in the
measured temperature range, namely band conduction through extended states (which dominates at the intermediate-
temperature region) and hopping around the Fermi level (which dominates at the low-temperature region). At low
temperature, the density of states and other related Mott's parameters are calculated near the Fermi level. A discontinuity,
found in the curve at high temperature may be explained due to structural changes that occur near glass transition
temperature. Transient photoconductivity measurements at different temperatures and intensities indicate that the decay of
photoconductivity is quite slow. Thin films exhibit long-lived residual photoconductivity, called persistent photoconductivity,
with an extremely slow decay rate. The persistent photoconductivity increases with an increase in intensity.
Photoconductivity decay, even after subtraction of persistent photoconductivity, is found to be non - exponential suggest the
presence of continuously distributed deep localised gap states in this material. Differential lifetime and carrier lifetime are

also calculated.
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1. Introduction

There is a striking range of novel phenomena which
occur in non-oxide glasses, especidly the chalcogenides
(S, Se, Te), either in lemental form or alloyed with atoms
from columns 111, IV or V. The maerias tend to have
similar electronic state densities, possessing an optica gap
of about 2 eV and exponentia band tails at both band
edges. They adso have the important property that,
although there are some gap states, they do not carry the
traditional Electron Spin Resonance defect signature of
unpaired spins. The lone-pair character of both the
conduction and vaence tails leads to very rich behaviour
under theinfluence of light [1].

The current interest on the chal cogenide glasses is on
X-ray imaging and photonics [2]. These materias are
technologically important. For example, a&Se is a dassic
material for xerographic applications [3], and has recently
been highlighted as a promising photoconductive material
for digitd X-ray radiography [1]. A new frontier, which
has only just begun to attract interest, is a thermal optical
micro fabrication (micrometer length scale deformations
can be accomplished vialight exposure); this approach has
already been used to make optical gratings and micro
lenses [4, 5]. The structure of the thin films strongly
influences the dectronic properties and is highly
dependent upon the preparation technique and deposition
conditions. These semiconductors chalcogenide glasses
aso exhibit many interesting properties, such as
photodarkening, photodoping, photocrystallization and
photoconductivity. The photoconductivity of these glasses

is very hepful in understanding the phenomenon of
recombination kinetics, and the nature and distribution of
localized stetes in the forbidden energy gap. Moreover, the
photosensitivity and photogeneration of the charge carriers
and their trangport in the medium can a so be determined.

In previous papers [6,7] we have investigated the
SeioxTe and SeplepxCdy amorphous films and
observed the Meyer-Neldel rule is obeyed in both cases.
The eectrical andysis of Pb-based cha cogenides is very
useful because of the charge reversa from p-type to n-type
in Ge-Se—Pb system [8] is observed in spite of the usua p-
type charge carrier in the chalcogenide glasses. Charge
reversal isalso found in Se-In—Pb system [9)].

However, few attempts have been made [10-13] to the
study of chalcogenide glasses with one of the element as
Pb. It may be due to the fact that lead isthe last element in
radioactive series, which is most stable, or lead is one with
which it is most difficult to form a glass. The differentid
scanning calorimetric study [12] and the optical properties
[14] have been reported on the SegsTers - x Pb x glassy
aloys

In view of this, the study of the eectrica and
photodlectrical properties of the SegsTes_xPby (X =2, 4&
6) thin films are carried out over a wide temperature range
and the results are reported. Section 2 describes the
experimental details. The results have been presented and
discussed in section 3. The conclusions have been
presented in the last section.
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2. Experimental

Glassy dloys of SegsTeis_x Py (X =2, 4 & 6) were
prepared from the melt by the quenching technique. The
bulk material was prepared by mixing 99.999% pure
powders of selenium, Tellurium and lead. The mixture was
sedled in a quartz ampoule at a pressure of 10° Torr and
melted a 900 °C. During heating, all the ampoules were
constantly rocked, by rotating a ceramic rod to which the
ampoules were tucked away in the furnace for 10 hours
and the ampoule was rotated dowly at arate of 3-4 °C/min
for homogeneous mixing. The melts were cooled rapidly
by removing the ampoules from the furnace and dropping
them to ice-cooled water.

Thin films of these glasses were prepared by vacuum
evaporation technique keeping glass substrates a room
temperature. Vacuum evaporated indium electrodes at
bottom were used for the dectrical contact. The thickness
of the films was ~ 500 nm. The co-planar structure (length
~ 1.2 cm and eectrode separation ~ 0.5 mm) was used for
the present measurements.

For the measurement of dectrica conductivity &
transient photoconductivity, thin film samples were
mounted in a specially designed sample holder which has
a transparent window to shine light for these
measurements in a vacuum ~107 Torr. The temperature of
the films was controlled by mounting a heater inside the
sample holder and measured by a calibrated copper -
constantan thermocouple mounted very near to the films.
The low temperature was obtained by cooling the samples
using liquid nitrogen

The source of light was a 200 W tungsten lamp. The
intensity of light was varied by changing the voltage
across the lamp. The intensity was mesasured by a lux-
meter. The d. c. current is measured by a digita
Electrometer (Keithley, model 614). The heating rate is
kept quite small (0.5 K/min) for these measurements.

Before measuring the dark conductivity, the films
were first annealed below glass transition temperature Ty
for two hours in a vacuum ~ 10° Torr. 1-V characteristics
are found to be linear and symmetric up to 30 V in dl the
glasses studied. The present measurements are, however,
made by applying only 10 V across the films.

3. Results and discussion

The electrical conductivity of the SegsTeys _x Py thin
films have been measured in the temperature range 230 K
to 320 K in dark and a plot of Ino versus 10%T isshown in
Fig. 1a Figure shows that there exist three different
regions in the range 230 K to 320 K. One such region is at
low temperatures 230 K to 250 K and two regions are in
high temperature range 250 K to 320 K. The change in
nature of slope near 300 K may be due to appearance of
glass transition temperature (310 K).
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Fig. 1a. Temperature dependence of conductivity plotted
aslno vs 1000/Tin a SegsTeisPh, thinfilm.
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Fig. 1b. As Ing vs 1000/T in the temperature range
where the Arhenious behaviour is observed aswell as
the linear fit.

From 250 K to 300 K, the Arrhenius behaviour is
observed where conductivity increases exponentially with
temperature following the rel ation:

0 =0oexXp(-AE/KT) Q)

where AE is the activation energy for conduction and k is
the Boltzmann's constant.

Theln o vs. 1000/T curves for a SegsTes_ x Pby thin
films separately plotted in Fig. 1b in the intermediate
temperature range where the conductivity shows the
Arrhenius behaviour with a single slope. In the above
temperature range, the exponentia variation of
conductivity with temperature indicates that the
conductivity in these glasses is due to a thermdly
activated process. The vaues of conductivity o a a
particular temperature 265 K, pre-exponentia factor g
and AE for different compositions of SegsTejs_y Pby glassy
aloysare givenin Table 1. It is clear from the Table that
the conductivity increases as Pb concentration increases
and the activation energy decreases with addition of Pb to
the Se-Te system. This may be attributed to enhanced
valence band tailing with Pb incorporation. Similar results
have been reported for Pb addition to SegyTey matrix [10].
The optical energy gap reported for same compositions
show that activation energy and optical energy gap follow
the same trend with different compositions of Pb. The
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magnitude of oy lies in the range of 10°-10* ohmcm™
which indicates that the conduction is due to the carriers
excited into the extended states[14].

Table 1. D.C. conduction parametersin the high

temperature range.
SegsTess_x Pbylo (ohmlem?)|  AE(eV) oo (ohm™em?)
X at (%) at 265 K
2 1.20x10° | 0.49+0.003 2.5x 10°
4 3.22x10° | 0.45+0.005 6.1x 10°
6 2.38x 10" | 0.39+0.004 5.5x 10°

It is interesting to note from Fig. 1b that extended
state conduction range is more and more towards low
temperature side as the lead concentration incresses. This
may be explained due to smaller activation energy of
samples having higher concentration of lead where
contribution of extended state conductivity will be larger
as compared to low concentration of Pb at lower
temperatures. The | ocalized state conduction will therefore
be predominant only at much lower temperatures at high
concentration of Pb as compared to sample having lower
concentration of Pb.
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Fig. 2. In(oc 72) vs. T V* plot at various concentration
of Pb in a- SesTesPb, system. Theupper x-axis is
plotted for x= 6.

In the low temperature region, datais plotted in Fig. 2
in terms of In (o T¥?) versus T ™" to see the applicability
of Mott’s variable range hopping conduction model in our
case. In such a case, the conduction can be attributed to the
hopping of the charge carriers between locdized states
near Fermi level and the conductivity can be expressed as
[15,16]:

o T =0, exp (AT ) )

ad A*= To=Aa®/kN(EF) 3)
where N(Es) isthe density of localized states at E ¢, a™ the
degree of localization, T, the degree of disorder and A and
A ae dimensionless constants. The vaue of pre-
exponential term o; of eq. as obtained by various workers
isgiven by

0, =3¢ y[ N(E ) / 8rokT ] ¥2 (4)

where ‘€ is dectron charge and the 'y Debye frequency
(=10® Hz). A simultaneous solution of eg. (3) and (4)
yields

a = 22.520, A%(cmt) (5)

and  N(Eg) =0,°A%(cm eV (6)

The hopping distance and hopping energy is given by
R =[9/8mkT N(E ¢)]* @
W =34 TR®N(E ¢) (8)

Ino T2 vs T plot is found to be a straight line which
indicates the validity of hopping conduction mechanism
(see Fig. 2). Thisisin good accordance with Mott's VRH
model. The slope of these curves gives the value of N (Ef)
and other Mott’s parameters are calculated from eg. (2) -
(8) and are givenin Table 2. It isfound that the value of Ty
decresses and o increases on increasing Pb concentration.
Since T, represents the degree of disorder and a™* the
degree of localisation, it follows that the amorphicity of
the sample decreases. It is evident from Table 2 that the
density of localised states decreases as the percentage of
lead incresses in dloy. The hopping distance has been
found to increase on increasing Pb concentration.

Table 2. Mott’s Parameters in the low temperature region.

can | oy | et |etenin]  (JE | S | & ey | R
2 46.93 4.85 15 1.6 x 10" 7.4 65 x10° | .056 4.8
4 45,64 434 12 8.3x 10" 5.7 8.1x10° .054 46
6 41.73 3.04 5.1 5.0x 10% 2.0 21x10° .052 4.2
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Thus from the experimental results in the present
system, one can clearly see that the charge transport in the
low temperature range can be attributed to the hopping of
the charge carriers in the localized states near Fermi levdl.
It may be mentioned here that the variable range of hoping
conduction is not generaly observed in chalcogenide
glasses due to paired defect states. In spite of this, severd
researchers [17-19] have reported variable range hopping
in chalcogenide glasses.

The sudy of transent  photoconductivity
measurements as a function of temperature and light
intensity in asemiconductors is a vauable tool in
achieving a good understanding of the recombination
process and distribution of localized states which control
the photo-transport kinetics. Transient photoconductivity
measurements are carried out by illuminating the thin
films using unpolarised white light for 5 min. in the
present case and recording the current simultaneously.
Then, the light is turned off and the decay current is
followed. The dependence of the photoconductivity
response (the rise and relaxation section of the curve) on
timein a SegsTes4Pby ispresented in Fig. 3. Thisfigure
shows that the rise and fall sections of photoconductivity
are asymmetric. The conductivity observed in rise and
decay section also incresses with the increase of Pb
concentration in the aloy. The long photoconductivity rise
time and slow decay process observed in the thin film is
due to the presence of the deep localised gap states in
these materials that behaves as trgpping centers and
recombination centers and increases with the increase of
Pb concentration [20].

SegsTeisxPby
4,E-06
4,E-06 A
3,E-06 AA‘ ®x=2
3,E-06 x Wx=4
' A Ax=6
< 2E064 4 A x10
< A
& 2E-06
1,E-06 A
= A
5,E-07 .. u A A
0,E+00 * * * * ,
0 500 1000 1500 2000

Time (seconds)

Fig. 3. Rise and decay of photoconductivity as a function
of timein a- SegsTeysPh.

The experimental data for the decay at different
intensities for the case of & SegsTezPh, in white light is
plotted as a function of timein Fig. 4. It isclear from Fig.
4 that the behaviour of the decay curves is of the same
nature a different intensities. Initially, the photocurrent
decays fast and then becomes slow as time el apses.

SegsTeys

—— 600 Lux
- —X%— 2800 Lux
’i —— 7800 Lux
b —=— 13000 Lux

20 25 30

Time ( minutes )

Fig. 4. Time dependence of photoconductivity at different
intensties during decay at room
temperaturein a- SegsTey3Ph,.

A persistent photocurrent is also observed which takes
many hours to decay. The persistent photocurrent is found
to be more when the samples are exposed to higher
intensities (see Fig. 4). The results for other glasses were
aso of the same nature.

To observe the effect of temperature, measurements
were dso made at different temperatures keeping the
intensity of light constant. The decay of photocurrent in
this caseisshown in Fig. 5. In this case aso, the behaviour
of the decay curves is similar a different temperatures
except that the persistent photocurrent increases as
temperature of measurement increases.

zz‘ SegsTes ’ 293K
B 305K
iogl A A
5% A 322K
10 . . 3
e e R —
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Fig. 5. Time dependence of photoconductivity at
different temperatures at 600 Lux during decay in
a- SegsTeysPh,.

The above results suggest that the persistent
photocurrent is produced by some kind of defects that are
accumulated during the illumination. From the decay
curves, one has the impression that there are at least two
decaying processes, namely, a very rapid one and an
extremely slow one, which lead to the long tail in the
decay curve.

Such types of long lived photocurrent have aso been
observed in other chalcogenide glasses [21-30] and it is
believed that such alarge decay constant can not be due to
carrierstrapped in theintrinsic defects [31] but may be due
to some kind of structural changes on light shining which
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are of reversible kind, i.e., they are removed on annesling
a room temperature for longer times (a few days in some
cases).

To understand the trapping effects, the persistent
photo-conductivity is subtracted from the measured photo-
conductivity, and then corrected photo-conductivity is
plotted against time a different intensities a room
temperature (293 K) in Fg. 6 respectively in case of a
SegsTesPh, Same results are obtained for other samples.
From the logarithmic graph, one can conclude that the
relaxation curve, in particular, is composed of two parts,
thefirst one with a substantial decrease and the second one
with a smdl slope. The part with a grester sope
corresponding to the processes connected with trapping
levels where as the part with a small dope corresponds to
a recombination processes. At room temperature and
higher temperature recombination processes are dominant.

+ 600 Lux

X 2800 L ux
z A 7800 Lux
J ]
£ . m 13000 L ux

Time ( seconds )

Fig. 6. Time dependence of photoconductivity at different

intensties during decay in a-SegTesPh, at room

temperature after subtraction of persistent
photoconductivity.

Fig. 8 depictsthat the dow decay processisafunction
of time and can be described using the differentia lifetime
td asused by Fuhs and Stuke [32]. The lifetime for such a
dow decay process can be written as

w=[d(nou)/dt]*" (9)

where gy, i'sthe maxi mum photo conductivity at t = 0 for a
given temperature

In the case of exponentia decay the differentia
lifetime will be equa to the carrier lifetime. However, in
case of a non-exponential decay 1y will increase with time
and only the value at t = O will correspond to the carrier
lifetime.

The decay time observed for the vacuum deposited a-
SegsTesPh, thin film is found to be time dependent and
the relation between In 1y and Intisshown in Fig. 7.
A dtraight-line graph is observed and this non-linear
behaviour confirms the non-exponential decay process
involved in & SegsTesPh, thin film samples. The same
behaviour is found in other samples in a SegsTe;s«Phy

glassy alloy. For an exponentia decay 14 should be
constant with time. This indicates that the traps exist at dl
the energies in the band gap, which have different time
constant and hence giving the non-exponential decay of
photo-conductivity.

3 35 4 4,5 5 55 6
Int ('seconds)

Fig. 7. Aplot of In 7y versus In t showing the non-
exponential decay in a- SessTensPh, thin film.

The extrapolation of the curve at Int = O, gives the
value of the carrier lifetime and it is found to be 1.93
second in this case.

4. Conclusions

Electrical characteristics of a-SegsTes«Phy thin film
prepared by vacuum deposition technique have been
studied. The conductivity measurements show that the d.c.
conductivity increases on increase of Pb concentration.
The activation energy calculated for the samples follow
the same trend with Pb as with optical energy band gap.
In the low temperature region, a glassy system exhibits
variable range hopping conduction and density of
localized state calculated by Mott's VRH Modd, decrease
on incresse Pb incorporation. The transient
photoconductivity studied in the samples show non-
exponential decay. Persistent current is also found in these
samples and increase with increase of illumination and
temperature. The differentia lifetime is caculated. The
photo decay process in a-SegsTeis - x Pb « films reved s the
presence of deeper locdised states and the carrier lifetime
is found to be 1.93 second.
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