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EFFECT OF SUBSTRATE TEMPERATURE ON THE TRANSPORT
MECHANISMS OF POLYCRYSTALLINE CdIn,Tes THIN FILMS GROWN BY
THERMAL EVAPORATION
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In this work, effect of substrate temperature on the conduction mechanisms of thermally
evaporated polycrystalline thin films that were grown from sintered CdIn,Te4 compound
were investigated. Temperature dependent conductivity measurements were carried out in
the temperature range of 80-400 K to determine dominant current transport mechanisms of
the films that were grown at 293 K, 473 K and 573 K substrate temperatures. It was shown
that the variation of deposition temperature has considerably altered resistivity and
transport properties of the films.

(Received January 17, 2017; Accepted April 3,2017)

Keywords: Thin films, Thermal evaporation, Conduction mechanism, CdIn,Te,

1. Introduction

In the last decade, II-VI compounds have been intensively investigated due to their
applications in optoelectronics and photovoltaic industry [1-4]. CdTe is one of the most studied
compounds of this family since it has a suitable band gap around 1.5 eV for solar energy
conversion [5-8]. This compound generally crystallizes in the cubic or hexagonal system and has a
defective chalcopyrite structure [4, 9, 10]. It has been reported that as-grown CdTe films are
normally rich in Cd vacancies which results in p-type conduction. This is one of the reasons that
limit its usage in solar cell applications. When indium atoms are introduced into the lattice of
CdTe, they could fill Cd vacancies and/or substitute the Cd atoms in the structure. Thus, this
compensation of such vacancies results in n-type conduction. Therefore, ternary II-III,-VI4
compounds such as CdIn,Te, have been the subject of many experimental studies for their possible
applications in optoelectronic and non-linear optical devices [11-15]. The crystallographic
structure, the phase diagram, the electrical properties and the optical properties of CdIn,Tey
compounds were extensively reported [16-33]. Even though In doped CdTe, CdInTe and CdIn,Te,4
compounds have been widely studied by various researchers, studies on electrical transport
properties of polycrystalline CdIn,Tes films grown by thermal evaporation method were not
reported in literature yet. Thus, the main aim of this work is to investigate transport properties of
thermally evaporated polycrystalline CdIn,Te4 thin films at different substrate temperatures for
possible applications of optoelectronic devices.

2. Material and methods

CdIn,Te4 source compound were sintered by using stoichiometric quantities (1:2:4) of high
purity (4Ns) Cd, In and Te elements which have been placed into a chemically cleaned quartz
ampoule. The ampoule was sealed after achieving a pressure of about 10 Torr. Then, the ampoule
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was placed in a horizontal, constant temperature zone furnace and heated gently, avoiding over
pressures, up to a temperature 1423 K (1150 °C) higher than the melting points of the elements
during 48 hours and then cooled very slowly (10-15 °C/h). The homogeneity of the compound was
achieved by stirring the ampoule occasionally during the heating process. The sintered ingot was
crushed into fine grains to obtain evaporation source. Thin films having thicknesses around 1 pm
were deposited on chemically and ultrasonically cleaned glass substrates at different substrate
temperatures by thermal evaporation technique using a molybdenum boat. The vacuum chamber
was evacuated to a pressure of 10° Torr and the films were deposited around 20-25 A°/s
deposition rate which was controlled by Inficon XTM/2 thickness monitor. Several set of samples
were produced in order to achieve film reproducibility. For the electrical measurements, ohmic
contacts were achieved by thermal evaporation of high purity indium through a mask in Van der
Pauw geometry. Then, copper wires attached to the contacts with silver paste. The ohmicity of the
contacts was checked during the current-voltage measurements at different temperatures to make
sure that the contacts did not add any parasitic impedance to the samples beyond the equilibrium
values. The temperature-dependent conductivity measurements for the films deposited at 293 K,
473 K and 573 K were carried out in a Janis closed cycle helium cryostat in the temperature range
of 80-400 K by using a Keithley 2400 programmable source-measure unit and a Keithley 2700
electrometer. The temperature was accurately monitored with a Lake-Shore 320 temperature
controller during the measurements. Investigated thin films throughout this work were named as
BO, B1 and B2 for substrate temperatures 293 K, 473 K and 573 K, respectively.

3. Results and discussion

Temperature dependent conductivity measurements, carried out in the temperature range
of 80-400 K, revealed that the conductivity of the films BO, B1 and B2 increased exponentially
with increasing temperature which indicates semiconducting behavior of the films, illustrated in
Fig. 1. Room temperature resistivity values were found to be 1700 (Q2.cm), 7.8 (Q.cm) and 0.59
(Q.cm) for BO, B1 and B2, respectively. Increased substrate temperature of the films resulted in
nearly three orders of magnitude decrease in resistivity which confirmed the improved crystallinity
in the structure of the film deposited at room temperature. In addition, hot probe technique showed
that all the studied thin films exhibited n-type conduction.
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Fig. 1. Conductivity temperature variations of the films B0, B1 and B2 in comparison

In order to determine the dominant conduction mechanisms, the conductivity data was
analyzed by the general conductivity expression given below;
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where E, is the activation energy, o is the pre-exponential factor, kg is the Boltzmann’s constant
and T is the temperature. The plot of In(o) versus inverse temperature for BO shows a linear
variation in the 200-400 K temperature range as shown in Fig.2(a) which indicates that the
conductivity obeys the relation given in Eq.(1). The slope of the linear region gives the activation
energy E, =276 meV. Thus, it can be concluded that in the whole temperature range of 200-400 K
the dominant transport mechanism for B0 is thermionic emission of the carriers over the grain
boundaries. Due to high resistivity below 200 K, resistivity measurements could not be performed
for BO.
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Fig. 2. Ln(o) versus inverse temperature variations for the films (a) BO (b) B1 (c) B2

The same analyses were carried out for the films B1 and B2 in 80-400 K temperature
range using the advantage of decreased resistivity. Ln(c) versus inverse temperature variations for
both B1 and B2 films indicated three different activation energies at different temperature regions
in which different conduction mechanisms were dominant, given in Fig. 2(b) and Fig. 2(c).
Activation energies of Bl at low (80-132 K), intermediate (137-267 K) and high (272-400 K)
temperature regions were found to be 8 meV, 40 meV and 136 meV, respectively. Whereas for B2,
activation energies were found to be 6 meV, 23 meV and 79 meV for low, intermediate and high
temperature regions. Since activation energies are greater than the average thermal energy kgT at
137-400 K temperature region for both B1 and B2, thermionic emission is the dominant
conduction mechanism in this temperature region for the films B1 and B2. However, in the low
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temperature region calculated activation energies for both B1 and B2 are lower than kT which
suggests that the conduction mechanism could be Mott’s variable range hopping conduction rather
than thermionic emission. According to the Mott’s theory [34], three-dimensional hopping
conduction expression can be given as,

N

o =0, exp(— -_I;_—Oj 2)

where Ty is a parameter that shows the degree of disorder in the structure and op is a pre-
exponential constant. These two parameters can be expressed as;

To = Za%s N (E;: ) and o= ezaz VPhN(EF) )

Where A is a dimensionless constant at a value of 18.1, « is the decay constant that indicates the
rate of fall-off the wave function of an electron at a site, Kg is the Boltzmann’s constant, e is the
electron charge, a is the variable hopping distance, vy, is the phonon frequency which was
assumed to be 10'* s and N(Eg) is the density of states around Fermi energy level. Ty and op can
be found from the plot of Ln(c) - (T that is given for Bl and B2, in Fig. 3. The Mott’s
parameters; R the average hopping distance, and W the average hopping energy can be written as;
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Calculated Mott’s parameters for B1 and B2 from Fig. 3, are given in Table 1. The
variable range hopping is always to be expected when W >kT and aR>1 with the degree of
disorder T¢>10". For the film B1, all conditions for hopping is satisfied for low (80-132 K)
temperature region that indicates the dominant conduction mechanism is variable range hopping
for which conduction occurs by hopping of the charge carriers to larger distances in order to find
energetically closer sites.
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Fig. 3. Ln(o) - (T"¥*) variations of the films B1 and B2 in comparison

Table 1. Calculated Mott’s parameters for B1 and B2 films

Temperature Ty (K) o (cm™) N(EF) R (cm) W (eV) aR ksT (eV)
(80-132 K) (cmeV™)
Bl 2,7x10* 1,7x10* 3,0x10" 9,0x107 0,010 1,58 0,009

B2 6,0x10° 3,8x10* 1,0x10" 2,8x107 0,007 1,08 0,009




75

The disordered atoms create trapping states which are located in the band-gap. In this
mechanism, conduction arises from hopping of the charge carriers from the filled trap states to the
empty trap states. The empty states can only capture carriers from the filled states below the Fermi
level at low temperatures since there are no free carriers to capture from the valence band.
However, for the film B2, the Mott’s parameters found in Table 1 shows that conditions for
hopping were not satisfied for the low temperature region. Thus, we can conclude for B2 that at
low temperature region the charge transport may probably be governed by thermally activated
tunneling of carriers between localized states, rather than by variable range hopping mechanism.

It can be concluded from the temperature dependent conductivity variations of B0, B1 and
B2 thin films that as substrate temperature increases activation energies decreases gradually while
conductivity values of the films increase significantly. The source of the extrinsic conductivity is
commonly associates with the defect nature of the evaporated thin films. Furthermore, vacuum
deposited thin films contain large stresses which result in more trapping centers due to the
structural disorder. Increasing conductivity by substrate temperature may be due to improved
crystallinity of the film’s structure in which some of the defects were removed.

4. Conclusions

Temperature dependent conductivity measurements were carried out in the temperature
interval of 80-400 K for the polycrystalline CdIn,Tes thin films grown at different substrate
temperatures. Conductivity values for all samples increased exponentially with increasing absolute
temperature indicating that all films showed semiconducting behavior. Room temperature
resistivity values of the films decreased around three orders of magnitude with increasing substrate
temperature. At high and intermediate temperatures thermionic emission is the dominant
conduction mechanism for all samples with different activation energies.

However, at low temperatures variable range hopping and thermally activated tunneling
mechanisms were found to be dominant for the films deposited at 473 K and 573 K, respectively.
Temperature dependent conductivity variations of the films showed that as the substrate
temperature increases activation energies decreases gradually. This result clearly shows that
investigated thermally evaporated films have defective degenerate structures due to structural
disorder by which trapping centers are created in the band gap. Increased substrate temperature
results in improved crystallinity of the films in which some of the deep trapping centers were
cleared out.
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