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ABSTRACT

The main objectives of this thesis work are to attain device quality of indium
telluride (InoTe; and InTe) thin films using thermal evaporation technique and to
evaluate the suitability of these films for device applications. The key motivation point
to this investigation is that these materials are exhibiting similar type of structures, band
gaps, lattice constants and chemically compatible with traditional semiconductors such
as II-V, II-VI and VI group compounds. The annealing temperature played a major
role to get mono-phased and stoichiometric In,Tes and InTe films. Hence, all the films
were prepared at different substrate temperatures and annealed at optimized
temperature and variations in the properties of these films were reported. The optical
band gap and electrical conductivity of In,Tes films were found to be 0.99 + 0.02 eV
and 10! Q'em™ respectively. Moreover, these films have shown 90% of transmittance
in IR region. The optical band gap of InTe films was varied from 1.61 eV to 1.42 eV
with an increase in the substrate temperature from 298 K to 473 K. The electrical
conductivity of InTe films was found of the order of 10! Q'cm™. The absorption
coefficient of InTe films was found to be of the order of 10° cm™!. The optical properties
accompanied with electrical properties of indium telluride films makes them suitable

for absorbent layer in photovoltaic cells.

Thermoelectric properties need specific requirements such as high seebeck coefficient
with good electrical conductivity and low thermal conductivity. Accordingly, growth
parameters were optimized by varying substrate temperature and thickness to
investigate the thermoelectric properties. The In,Te; films shown good thermoelectric
properties when compared with InTe films with maximum thermoelectric power of 27
u W m! K2 at 450 K. To enhance thermoelectric power, various dopants such as Bi,
SboTes, Al, Sb, Se and Te were added in the range of 1-7 at% separately. The 3 % Se
doping enhanced the power factor of In,Tes films by 14 times which in turn 4.7 times
greater than SboTes films. Finally, heterojunctions of n-Si/InzTes and n-Si/InTe were
fabricated and interface properties were studied to understand the performance of

indium telluride in opto-electronic devices. Among all diodes, as-deposited n-Si/In,Tes3



heterojunction had higher rectification ratio of 61.2 at + 5V with affordable barrier

heights of 0.11 eV which allows easy carrier transport across the barrier.

Keywords: Indium telluride, thermal evaporation, doping, thermoelectric properties

and heterojunctions.
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CHAPTER 1

INTRODUCTION

Overview:

This chapter describes a brief introductory information about thin film technology,
compound semiconductors specially about III-VI compounds (indium telluride) and its
importance. Further, the literature survey about indium telluride material in both bulk
and thin film form (in brief) are discussed. The possible research gaps are identified
from the literature review which are mentioned in the scope. Finally, the objectives of

present investigations are drawn from the scope.

1.1 Thin film technology

Thin film science and technology is playing an important role in the development of
devices ranging from energy efficient display devices to energy harvesting and energy
storage devices such as solar cell, sensor, memory, battery, super-capacitor, etc. Thin
film is a state of the material in which conductivity becomes a function of thickness.
Typical thickness extends from fractions of a nanometre to several micrometers.
Generally, thin films are used to improve surface properties of the solid materials. Thin
films have properties that can be different from that of their corresponding bulk
properties. A film is considered as thin, as long as its surface properties are different
from its bulk behaviour. Transmission, reflection, absorption, hardness, abrasion
resistance, permeation and electrical behaviour are some of the properties of a bulk
material surface that can be improved by using a thin film form. They have a larger
surface to volume ratio, hence the surface and near surface characteristics decide the
properties of the thin film. As a result, thin film properties not only rely on the thickness
of the film, but also on the nature of substrate upon which the films are grown and
deposition parameters used in the fabrication of thin films. Thin film fabrications are
carried out by depositing the required material in the atomistic deposition over the
required substrate, which may result in either single crystalline, polycrystalline or
amorphous structure depending on the deposition conditions. Thin film technology has

the potential to engineer the various properties such as surface morphology, surface



roughness, porosity and crystalline size. These advantages in this film assist in the
development of new products and minimize the wastage as in conventional

manufacturing techniques.

1.2 Compound semiconductors

The semiconductors became more important because of their sustainable
applications in almost all branches of industry and areas of daily life. Due to low mobile
carrier concentrations, the observation and interpretation of electronic process are
easier in semiconductors when compare to metals and other crystals. This is the reason

behind the vast usage of semiconductors in many applications.

The semiconductor thin films have been the basis of development in a wide
variety of diverse modern technologies. Some of these include high speed transistor,
solar cell, solid state lighting, sensors, information storage devices, etc. From past
several decades, the research work in this field has been highly supported by such

technological application.

Semiconductors can be classified in several ways. Based on constituent
atoms in it, semiconductors are available in two forms namely elemental and compound

semiconductors.

In elemental semiconductor, all the constituent atoms are of same kind, whereas
a compound semiconductor is composed of atoms of two or more different elements.

The hierarchy of compound semiconductors is shown below,

Semiconductors

v '

Elemental semiconductors Compound semiconductors

|
; ! .

Binary compounds Ternary compounds Quartnery compounds




The scope of materials which can be classified as compound semiconductors is
vast and covers the entire periodic table. It includes IV-1V, II-1V, I-V, II-V, lII-V, - VI,
II-VL, III-V1, V-VI, I-VII, I-III- V1, I-IV-VI, I-V-VI and II-III-V compounds. However,
because of the excessive developing cost of these materials as high quality
semiconductors, most of these compounds are still in a primitive state of development
when compared with Ge or Si. But the only compounds which have been developed to
the state of significant commercial applications are found in the III-V and II-VI
semiconductor groups of materials. Some of the traditional compound semiconductors

and transition type with band gap are mentioned in table 1.1.

Table 1.1 Some traditional semiconductors with their transition type and band gap

Type of | Material Type of transition | Band gap (eV)

Semiconductor

Elemental C Indirect 5.47
Ge Indirect 0.78
Si Indirect 1.12
Sn Direct 0.08

II-v GaAs Direct 1.42
InAs Direct 0.36
InSb Direct 0.17
GaP Indirect 2.26
GaN Direct 3.36
InN Direct 0.7

IvV-1v SiC Indirect 2.99

II-VI Zn0O Direct 3.35
CdSe Direct 1.7
ZnS Direct 3.68




Many researchers have investigated in detail about the properties of binary compounds
of III-V, II-VI, and I-VII type which having crystalline structures of zinc blend or
wurtzite. There is a limited investigated group of semiconductors which also have a
zinc blend or wurtzite structure namely I1I-VI compound semiconductors. The III-VI
compounds are chemically compatible with the traditional semiconductor materials and
they exhibit similar band gaps. The III-VI compounds have many distinct structural,
optical and electric properties that are peculiar with respect to traditional group IV, III-
V or II-VI materials. This combination of these features of III-VI compounds makes a

significant ascendancy as new device materials.

1.3 III-VI compound semiconductors (Indium telluride)
III-VI semiconductors comprise of two basic principal stoichiometries,

1. A" BY! compounds

2. A" B;3V!compounds

The AMBY! compound exhibits a layered structure with weak bonding between
covalently bonded B-A-A-B layers (A= Ga, In; B=S, Se, Te). The adjacent layers of
the compounds are coupled with Vander walls force and exhibiting weak bonding
between covalently bonded layers. The layered crystal structure results in strong optical
and electrical anisotropy. In addition to this, the layered A"BY! compounds became
attractive because of their high nonlinear optical coefficient in the infrared region.
These features make them suitable candidates for second harmonic generation

materials.

The A>"B3Y! compounds exhibit a defect zinc blende or wurtzite structure with one-

third of the cation sites vacant. Thus A,™B;V!

can be doped to a higher level than the
other conventional tetrahedral level of vacancies. This causes a deviation in the
electronic state impurities and electrical neutrality accommodated by these defects
which results the semiconducting properties remain unchanged even at significant

impurity concentration. The crystal structures of these materials also explain the high



stability for radiation with regards to a number of parameters such as optical constants

in the infrared region (Ohuchi et al. 1999).

Both forms of these materials are possible novel materials for electronic or
optoelectronic devices. Some of the III-VI compounds with their transition type and

band gap have mentioned in table 1.2

Table 1.2 I1I-VI compounds with their transition type and band gap

Type of | Material Type of transition | Band gap (eV)
Semiconductor
III-VI Gallium sulfide | Direct 2.5-3.4
Gallium selenide | Direct 2-2.6
Gallium telluride | Direct 1-1.2
Indium sulfide Direct 2-2.4
Indium selenide | Direct 1.2-1.3
Indium telluride | Direct 1.03-1.23

Among these compounds, indium telluride with direct band gap energy found its
applications in gas sensors, pressure transducers, photo-voltaic, electrochemical solar

cell devices, switching and memory devices.

The commonly occurring stoichiometries of indium telluride are In,Tes, InTe, In3Tea,
InsTeio, etc. The formation of particular stoichiometry mainly depends on the
temperature and pressure under the process of material synthesis. However, InTe and
In,Te; are stable than other stoichiometries according to phase diagram of binary
indium telluride compound reported by Grochowski et al. Some basic properties of

In,Tes and InTe are tabulated below,



Table 1.3 (a) Some bulk properties of In,Te; materials

Property Parameters

Structure Cubic with lattice parameters
a=b=c=18.45 A
JCPDS:16-0445

Molar mass 612.436 g/mol

Density 5.76 g/cm?

Melting point 940 K

Band gap 0.94-1.2 eV

Type of transition Direct

Type of conductivity p-type

Table 1.3 (b) Some bulk properties of InTe materials

Property Parameters

Structure Tetragonal ~ with  lattice
parameter
a=b=8.437 A, c=7.139 A
JCPDS: 07-0112

Molar mass 242.418 g/mol

Density 6.34 g/cm?

Melting point 969 K

Optical Band gap 1.16 eV

Type of transition Direct

Type of conductivity p-type




1.4 Literature review

The III-VI semiconductors are owing the interest in various research domains due to its
peculiar properties. The properties of III-VI materials have been mostly investigated in
the bulk crystal form. In spite of its good electrical and optical properties,
implementation of these materials in practical applications is limited by their poor
mechanical and thermal properties. The mechanical properties of the materials can be
strengthening by the thin film form which can makes them potential for device
applications. Among III-VI materials, indium telluride is paying a special interest
because of its attractive electrical and optical properties along with stoichiometric
defects which makes them suitable for opto-electronic devices and thermoelectric
applications. However, the properties of indium telluride mainly depend on the
parametrisation of growth condition due to the formation of different stoichiometries

under varies pressures and temperatures.

The outcome results of InoTes crystals revealed the attractive properties of material.
Reportedly, direct optical band gap of In;Tes crystals ranges from 0.94 to 1.2 eV
whereas, ~ 1.16 eV for InTe. The electrical conductivity of InoTes crystal is ~ 6.94 x
10% (Q-cm)! whereas, ~ 60 (Q-cm)™! for InTe crystals. The optical properties of these
materials accompanied with electrical properties make them potential for opto-
electronic applications. In addition, InoTe; material is consisting a large number of
stoichiometric defects in its cation lattice due to the valance mismatch between indium
and tellurium. These defects are uniformly distributed in a-In2Tes phase (cubic lattice
constant 18.4860 A) whereas, non-uniformly distributed in B-In,Te; phase (cubic lattice
constant 6.1580 A). The phase of In,Tes depends on the cooling process of crystal
growth technique, if the material gradually cools to room temperature then it gives o-
In>Tes phase otherwise, the quenching takes place which produces the B-InoTe;. Among
these phases, the a-In,Tes phase is widely suggested for applications. Furthermore,
Wang et al. (2016) reported the tenable nonlinear absorption response due to the
existence of defect density states which makes them promising material for ultrafast
nonlinear optical devices. However, aforementioned the bulk form of these materials

have poor mechanical properties hence the thin films form is most suggested form for



device applications. The literature survey on indium telluride thin films has given

below.

Barua and Goswami (1970) were the first to investigate the structural properties of
vacuum deposited In,Tes thin films which deposited on glass, NaCl crystals and mica.

The deposits were essentially found to be - phase In,Tes.

Krishna Sastry and Jayarama Reddy (1980) prepared InTe thin films using flash
evaporation technique. They observed amorphous nature in room temperature
deposited films whereas crystalline structure at 573 K substrate temperature and also
an increase in mobility with substrate temperature. In addition, they found the weak

dependency of thermoelectric power of these films on temperature.

De Purkayastha et al. (1981) observed an optimum substrate temperature of 453 K for
the preparation of a-In>Te; thin films by electron beam evaporation and corresponding

hole mobility of these films was found to be 48 cm? V! s,

Mathur et al (1981) observed an irreversible change in electrical conductivity above the
temperature of 525 K in polycrystalline n-type In,Te; thin films which were prepared
by thermal evaporation method. The authors also noticed hall mobility values of the

films were independent of the temperature.

Dawar et al. (1982) thermally deposited silver-sapphire-InoTe; thin films and
investigated the field effect properties in the temperature ranging from 77 K to 295 K.
The positive gate field of transistor had increased the carrier density and reduced the
mobility whereas opposite effect had observed in negative gate field which was
explained on the basis of charge carrier accumulation and depletion at the interface of

insulator and semiconductor.

Mathur et al. (1982) later studied the DC electrical conductivity and hall effect of B-
InyTes thin films obtained by direct thermal evaporation on sapphire substrates in the
temperature ranging from 77 K to 295 K. Measurements of DC conductivity and hall
coefficient revealed that mobility of these films was found to be constant (112 cm? V!

s!) up to 220K and decreased later.



Rousina and Shivakumar (1987) investigated the variation in electrical conductivity of
InTe thin films prepared by thermal evaporation in the temperature ranging from 300
K to 400 K. They determined two activation energies 0.45 and 0.096 eV for low and
high temperature regions respectively. The high temperature value of the activation
energy is twice the low temperature activation energy due to the presence of an

interfacial inversion layer at the semiconductor-metal contact.

Rousina and Shivakumar (1988) obtained stoichiometric InTe thin films from non-
stoichiometric bulk composition using vacuum evaporation method. They observed an
increase in indium with substrate temperature whereas, reduction in indium at annealing

temperature above 473 K.

Rousina and Shivakumar (1988) investigated the photo-induced effect on the
rectification behaviour of AI/Al>O3/n-InTe/Bi sandwich structures obtained by thermal
evaporation technique. They found that the rectification ratio is higher in the

tlluminated case than dark.

Rousina and Shivakumar (1988) studied I-V characteristics for metal-InTe-metal
(metal: Cu, In, Sb and Al) prepared by thermal evaporation method. They found that
the resistance offered by these metal contacts increased in the order of copper, indium,
antimony, and aluminium. They also investigated the I-V characteristics for Al-InTe-
In sandwich from which they concluded that Al is a blocking contact to show good

rectification properties.

Rousina and Shivakumar (1989) investigated the properties of Ni/p-InTe schottky
barrier deposited by thermal evaporation technique. Authors reported both barrier

height and work function of these films as 0.62 eV and 5.03 eV respectively.

Rousina and Yousefi (1990) investigated optical properties of InoTes; thin films
obtained by thermal evaporation in the temperature of 300-600 K. The authors observed
that transparent energy region in the films deposited above 400 K was different from

as-deposited films.

Zahab et al. (1990) prepared polycrystalline - In2Tes thin films by vacuum thermal

evaporation technique on glass substrates followed by appropriate annealing. They



found an energy gap of these films was between 1.1-1.18 eV by conducting electrical,

optical and photoconductivity measurements in the temperature range 300-600 K.

Afifi et al. (1996) investigated switching phenomenon in amorphous In,Te; thin films
by thermal evaporation technique which revealed that these films were typical for
memory switch. Authors observed an exponential decrease in switching voltage when
temperature raises from 298 K to 373 K and also reported the values of switching

voltage activation energy and conduction activation energy.

Hegab et al. (1998) studied the effect of annealing on optical properties of In,Tes thin
films prepared by thermal evaporation technique. The authors observed that annealed
films shown an increase in energy gap with annealing temperature. They found that
transition of these films from amorphous to the polycrystalline structure at 523 K
substrate temperature. Also, refractive index and absorption index values determined

for as-deposited films in the wavelength ranges 500-2500 nm.

Emziane et al. (1999) prepared a-InoTes polycrystalline thin films by thermal
evaporation of In and Te layers on glass and SnO; coated substrates. The optimum
annealing temperature and duration to get stoichiometric films found by these authors

were 663 K and 30 min respectively.

Afifi et al. (2000) investigated the effect of annealing on the AC conductivity and the
dielectric properties of InoTes thin films obtained by thermal evaporation technique in
the frequency ranges 100-100K Hz and in the temperature ranges 303-373 K. The AC
conduction activation energy of these films was reported as 0.065 eV for as-deposited
films and decreased with annealing temperature. Authors observed that both dielectric

constant and dielectric loss increased with temperature and decreased with frequency.

Seyam (2001) investigated dielectric properties of stoichiometric InoTes thin films
obtained by thermal evaporation technique in the frequency range of 10%-10° Hz at
temperature from 300 K to 400K. Relaxation time was found to be decreased with
increase in temperature. Both capacitance and loss tangent were found to be decrease

with increasing frequency and increased with increasing temperature.
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Lakshminarayana et al. (2002) observed variation in thermoelectric power with an
inverse thickness of p-type a-In>Tes thin films obtained by flash evaporation method at
substrate temperature of 473 K. They observed that thermoelectric power is

independent of substrate temperature in these films.

Guettari et al. (2003) reported the electrical and optical properties of InyTey thin films
which were prepared using co-evaporation method. The well oriented and mono-phase
a-In;Tes films were attained at 500 K substrate temperature with slight tellurium
deficiency on their surface. These films were p-type with very low conductivity of order

~10° Q! cm™! and optical band gap was approximated to 1.2 eV.

Desai et al. (2005) prepared stoichiometric a-InoTes thin films on glass substrates at
473 K and B-In2Te; films on NaCl substrates at 523 K by flash evaporation method
from a-InTes bulk. These authors investigated an effect of substrate temperature on

the composition, crystallinity and crystallite size of InoTes films.

Desai et al. (2005) conducted an experiment to investigate the sensitivity of carbon
dioxide gas on the InoTes thin film obtained by flash evaporation. They found that the
sensitivity of films increases with an increase in the concentration of CO; gas. Authors
concluded from their experiments that the InTes thin films are useful in monitoring

CO; concentration.

Desai et al. (2005) investigated strain sensitivity of In,Tes thin films prepared on mylar
substrates by flash evaporation technique. They observed linear variation in change of
resistance of these films with both tensile and compressive strains. They also found
higher gauge factor and good temporal stability of films. So, authors finally concluded

that these films are suitable to use as strain gauges in transducer applications.

Desai at al. (2006) reported ohmic (Ag, Sn, In and Zn) and non-ohmic (Al) contacts to
the p-type InxTes thin films obtained by flash evaporation method. They investigated
the influence of substrate temperature on the conduction activation energy and the
optical band gap of these films. The investigation revealed that both activation energy
and the optical energy gap of films were decreased up to 473 K. Finally, authors
concluded that the In,Tes films deposited at 473 K with a direct optical energy gap of 1

eV are suitable as absorbers in thin solar cells.

11



Perananthm et al. (2006) observed amorphous nature in as-deposited indium telluride
films, tetragonal structure in 523 K annealed films and orthogonal structure in films
annealed at 673 K which were grown by vacuum evaporation technique. They observed

an indirect allowed transition with an optical energy gap in the range of 0.82-1.14 eV.

Matheswaran et al. (2010) investigated dielectric properties of vacuum evaporated InTe
bilayer thin films. Their observations revealed that capacitance and dielectric constant
of films decreases with increase in frequency whereas, loss factor increases with
increase in frequency. Also found that when temperature increases, the temperature
coefficient of capacitance also increases and temperature coefficient of permittivity

decreases.

Desai et al. (2011) observed the temperature dependence of I-V and C-V experimental
data of Al/p-In.Tes schottky diode fabricated on glass substrate by flash evaporation
method in the range of 303-335 K. Authors concluded from I-V characteristics that the
contacts are non-uniform due to the presence of some low special barrier

inhomogeneities at metal-semiconductor interface.

Matheswaran et al. (2012) investigated the thickness dependent structural and optical
properties of In/Te bilayer thin films prepared by thermal evaporation and annealing at
523 K in Ar atmosphere for half an hour. Authors observed that the films structure was
a mixed phase of InTe; and InoTes whereas InoTes phase was dominant at lower
thickness. Crystallite size of the films was found to be improved with an increase in

thickness whereas optical band gap decreased.

Sathymoorthy et al. (2012) prepared the a-InoTes single crystal thin films from In/Te
bilayer using thermal evaporation method followed by post-irradiation with 100 MeV
Si ions at different fluence (1x10!3 to 5x10'® /cm?). The optical analysis of this films
revealed the optical band gap of 1.1 £ 0.5 eV and refractive index of ~3.3 of the films

which had shown a small improvement in the films properties than previous reports.

Matheswaran et al. (2013) studied the effect of 130 MeV Au ion irradiation on CO» gas
sensing of InyTes thin films prepared by thermal evaporation method. Potentially, the

In/Te thin films which were irradiated with 130 MeV Au ions at 3x10!3 ions/ cm? flux
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shown better sensing properties to CO> gas. The response time of these films was

reported as 15-20 s for 1000 ppm of CO> gas.

Yuan et al. (2018) prepared good crystalline Ti doped InTe thin films in nitrogen
atmosphere at 723 K annealing temperature using magnetron co-sputtering method.
The optical band gap of InTe films was increased from 1.56 to 1.85 eV with increased
Ti doping concertation. The authors observed the nonlinear absorption coefficients due
to the broadening of optical band gap. The films shown the dynamic response time due
to the surface defect density which traps the carriers. In addition, the carrier life of films

can be adjusted by Ti dopant.

Literature review reveals that many of the authors investigated basic structural,
electrical, optical properties and effect of temperature on these properties of indium
telluride thin films. Still there is an ambiguity in properties of few reports due to the
existence of these films in combination of different stoichiometries. Hence,
optimization of deposition parameters plays a major role in obtaining the mono-phased
films. The response time of the indium telluride thin films for nonlinear optical device
is very less due to surface defect density which in turn acts as trapping centres for
carriers. However, the investigations on thermoelectric properties and schottky barrier

properties of indium telluride thin films are comparatively very less.

1.5 Scope and objectives

Indium telluride films have direct band gap of 1.1 eV which is an attractive feature for
solar cell applications. These films have very good sensing properties to monitor CO»
gas with good temporal stability and quick response time in nano seconds. Indium
telluride films have high gauge factor and hence are useful as strain gauges in
transducer applications. Additionally, due to the large number of intrinsic defects
(~5.5x10! cm™), the defect states are useful to tune the non-linear optical absorption
coefficients which makes them suitable for optical limiting applications. Finally,
indium telluride exhibits radiation stability in electrical and optical properties which

had been examined up to 10'® fast neutrons per cm? (Volovichev et al. 1998). Hence
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these material may have a scope to implement in applications in the vicinities of

nueclear reactors.

Indium telluride has good electrical conductivity (~ 0.66 Q! m™) and less thermal
conductivity (~ 1 W m™ K1) which are suitable properties for thermoelectric
applications. Despite of its attractive features to exhibit good thermoelectric properties,
the reports on this topic are still under meagre. In order to exploit indium telluride in
any opto-electronic devices, the electrical properties of interface have to be understood
which can ensure the device performance. But investigations on the interface properties
of these films were studied with metals such as Bi, Al and Ni. Hence the present work
focuses on a detailed study on the effect of doping and annealing on the properties of
indium telluride thin film and suitability of indium telluride thin films for
thermoelectric power generation. Along with this, the heterojunction of indium telluride

with Si is also investigated.

Objectives:

1. To optimize the growth conditions to get homogeneous and stoichiometric
indium telluride thin films.

2. To find the effect of deposition parameters on the structural, electrical and
optical properties of prepared films.

3. To investigate the effect of annealing on structural and electrical properties of
deposited films.

4. To investigate the effect of doping on structural and electrical properties of
indium telluride films.

5. Suitability of indium telluride thin films for thermoelectric power generator and

hetero junction applications.
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CHAPTER 2

EXPERIMENTAL METHODS AND CHARACTERISATION

Overview:

This chapter explains the methods which were used for cleaning the substrates,
technique chosen to grow the films, characterisation techniques and working formulae
used to estimate structural, electrical, optical and thermoelectric properties. In
addition to this, the basic principles of various methods are described and illustration

of setup/ system were depicted for required methods.

2.1 Preparation of the thin films

There is a wide choice of deposition methods available to prepare thin films. These
techniques are broadly classified into physical methods and chemical methods. The
distinction between the physical and chemical methods mainly relies on the way the
film deposits on the substrate. Basically, mechanical or electro-mechanical process
takes place in physical methods, whereas chemical reaction occurs among the contents

in chemical methods.

2.1.1 Physical methods

(a) Physical vapour deposition

(1) Thermal evaporation technique

Thermal evaporation technique is one of the commonly used vacuum deposition
method in which an electrical energy is supplied to heat a boat or filament which in
turns heats a deposition material to an evaporation point. The vaporised material
transports through the vacuum and finally condense on the substrate in the form of thin
film. This process can be performed at high vacuum level to avoid reaction between the
vapours and atmospheric atoms or molecules. At this high vacuum, the mean free path

of vapour atoms is of the same order that of the dimension of vacuum chamber. Hence,
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particles can travel in straight line path from the evaporation source to the substrate.

The schematic representation of thermal evaporation unit is shown in figure 2.1.
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Figure 2.1 Schematic diagram of thermal evaporation system.

Advantages of thermal evaporation method:

e Excellent purity of films

e High deposition rates

Wide range of materials including metals, organic and inorganic polymers can be

deposited using this method
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Disadvantages of thermal evaporation method:

o Less adhesion between substrate and the material to be deposited. Hence,
requires special substrate preparation techniques.
e Not suitable for materials which decompose while heating and hence requires

careful control of deposition parameters.

(a) (b)

Figure 2.2 Photographs of thermal evaporation systems used to deposit, (a). In2Tes

films and (b). InTe films.

(i1) Pulsed laser deposition

Pulsed laser deposition or laser ablation is one of the method used to deposit thin films
in which a high power pulsed laser beam is irradiated inside the vacuum chamber to

strike the target of source material. A quartz lens is used to tune the power density of
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the laser pulse. At particular power density of laser pulse, the source material vaporises
from the target and deposits on substrate in the form of thin film. This whole process is
carried out in ultra-high vacuum or in the oxygen atmosphere which is commonly used

to get oxide films.

The physical phenomena of laser on target and film growth are quite complex. When
laser pulse is absorbed by the target, the energy is initially converted into electronic
excitation and then into thermal, chemical and mechanical energy which results in
evaporation, ablation and plasma formation. The ejected species expand into the
surrounded vacuum in the form of a plume containing many energetic species including
atoms, molecules, electrons, ions, clusters and molten globules before depositing on the
typically hot substrate. The spatial distribution of the plume is depending on the
background pressure inside the deposition chamber. These high energetic species
ablated from the target are bombarding the substrate surface and may cause damage to
the surface by sputtering of atoms from the surface and may also cause defect formation
in the deposited films. The sputtered species from substrate and the particles emitted
from the target form a collision region which act as a source for condensation of
particles. The point at which the condensation rate is high enough to reach a thermal

equilibrium, the film starts to grow on the substrate.
Advantages of pulsed laser deposition method:

e Can deposit thin film of same composition as that of the target
Disadvantages of pulsed laser deposition method:

e It is difficult to achieve large area uniformity.

(ii1) Molecular beam epitaxy

In molecular beam epitaxy, the substrate is placed in ultra-high vacuum and source
materials are evaporated from elemental sources. The evaporated molecules or atoms
flow as a beam and deposit on the substrate. Once the atoms reach the substrate, they
move by surface diffusion until they reach a thermodynamically favourable location to
form bonding with respect to the substrate. In this process, the molecules of source

material will dissociate to atomic form and fix at a favourable site. The deposition rate
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of films is very low in this method when compared with other methods. The substrate
used in this method is cleaned with argon ion bombardment to remove the undesired
oxides and impurities on the top layers of the substrate. Further, the substrate is
subjected to annealing to heal any damage caused by the ion irradiation. After the
cleaning process, the substrate enters into the growth chamber through sample
exchange load lock. The effusion cell contains the source material in the elemental form
of very high purity and is heated to evaporation point. This results in a transport of
molecules in the ultra-high vacuum chamber and impinge on the hot substrate surface.

On the substrate, the molecules will diffuse and eventually incorporate into the growing
film.

Advantages of molecular beam epitaxy method:

e The fine control on the vacuum chamber environment and on the quality of the

source material allows a much higher purity films.
Disadvantages of molecular beam epitaxy method:

e A great technological effect is required to produce systems that yield the

desired quality, uniformity of the films
(b) Sputtering:

In this method, the surface of solid material is irradiated with high energetic positive
ions which transforms momentum to the surface atoms and results in the ejection of
atoms from the surface of the material. The atoms ejected from surface will be
deposited on the substrate to form a thin film. The energetic particles which causes the
sputtering may be due to ions or neutral atoms or neutral electrons or protons. But most
of the sputtering applications are done by the irradiation of ions. The sputtering yield
basically depends on the bombarded solid material, its structure and composition,
incident ion characteristics and finally on experimental geometry. If the bombardment
of energetic particles results no reaction between the cathode and particles, then it is
called as physical sputtering. Several aspects have been employed to deposit thin films
using sputtering which includes D.C. bias sputtering, R.F sputtering, A.C. asymmetric

bias sputtering, ion plating and getter sputtering. For these sputtering options the
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required ambient pressure is in the order of 10 to 10-2 Torr. In spite of good adhesion
and high uniform thickness of the films, the sputtering yield reduces at lower pressures

due to decrease in the density of bombarding ions.

2.1.2 Chemical methods

In chemical methods, the fluid precursors are used to deposit thin films on the
substrates. The fluid precursor can reach the substrate either in gas phase or liquid
phase which chemically decomposes in the vicinities of the substrate and finally forms

the required material in the thin film form.
(a) Chemical vapour deposition:

Reportedly, the chemical vapour deposition (CVD) is successfully employed to grow
the high quality semiconducting films. In this technique, the volatile compound is
made to thermally decompose or reach with other gases (or vapours) to produce a non-
volatile reaction resulted compound on the substrate. The nature of decomposition can
vary based on various factors such as pyrolysis, halide disproportion, hydrogen
reduction and chemical reaction between volatile metal halides and vapours of
different elements used in precursor which are finally leading to the deposition of

semiconducting compounds on the substrate.

(b) Spray pyrolysis:

In spray pyrolysis method, the films are formed on the preheated substrates. the
precursor is a solution, prepared with soluble salts of required compound. This solution
is converted into droplets through the nozzle and spray in the deposition chamber with
the help of a carrier gas. The carrier gas plays a significant role in the pyrolytic reaction
process. When these droplets move nearer to the pre-heated substrate, a thermally
induced chemical reaction takes place between droplets of different chemical species.
This results in the formation of required products on the surface of the substrate. In
this technique, doping can be done easily by dissolving the required amount of dopant

into spray solution. After the deposition, the substrates are allowed to cool to the room
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temperature. The main drawback of this method is that a large number of small droplets

evaporate and do not contribute in the formation of the required film.

However, each and every method has its own limitations. The preference for a
particular deposition technique depends on several aspects such as material to be
deposited, limitations imposed by the substrate, specific application, deposition rate and

purity of the final film required for specific applications.

In case of indium chalcogenides, the compound forms in different
stoichiometries under variable pressure and temperature. Therefore, the evaporated
films are the mixture of at least two phases further which can cause ambiguity in
properties of material. Hence, a special attention needs to be taken about growth
technique and handling parameters required to attain mono-phased films. In order to
study the properties of indium telluride thin films, the basic requirements are minimized

defects, mono-phase and optimum orientation of crystallites.

Thermal evaporation is one of the physical method in which the deposition
parameters such as substrate temperature, residual pressure and deposition rate can be
controlled. In this method the deposition takes place inside the high vacuum of order
10" Torr. Therefore, the average mean free path of vapours can be around 1 m which
is larger than chamber dimension (12 dia.), hence particles will follow the straight line
path and form the films in more directional manner, and purity of the films can be
maintained. Hence, to deposit indium telluride thin films, thermal evaporation method

1s selected.

The soda lime glass is an inexpensive material having amorphous nature with high
melting point. Additionally, they have capability to hold the polycrystalline thin films
up to some moderate conditions of thickness, substrate temperature, annealing
temperature and annealing duration which again depends on the material properties.
Hence, the soda glass slides were used as substrate material. An adhesion of the material
to the substrate is basically depends on the matching of lattice constants, if lattice
constants of films varies with respect to the substrate, causes the mismatch between the
thermal expansion coefficients (TEC) of substrate and material. Such variations in TEC

results the peel off of film from the substrate. The thermal expansion coefficients of
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soda lime glass and materials using in this investigation are varying in the order from
10 to 10~ /K. Hence, due to this one order variations in thermal expansion coefficients,
the substrate can hold the material up to some moderate temperature which in turn vary
from material to material. However, in present investigation, the good quality of pure
InzTes films observed up to 573 K annealing temperature for 1h duration, whereas for
InTe about 523 K annealing point up to 2h duration. In case of doping, the quality of
films attained at different conditions which is discussed in results and discussion

section.

In order to get better quality films, and study the properties of indium telluride thin
films, the synthesis was carried out by evaporating the pellets of source martials using
molybdenum boat in the vacuum ranging from 107 to 10° torr using thermal
evaporation technique. The deposition rate was changed according to requirement in
the range of 4-11 nm/S and source to substrate distance was varied from 11 cm to 12
cm. The purity and brand names of all dopants and base materials are mentioned in
table 2.1. To study the diode properties, the p-n junction was made with Si for both
In,Te; and InTe films. In order to remove oxide layer, the silicon (Si) wafers were
dipped in diluted hydrofluoric acid (HF) of 1 % concentration in distilled water for 2
minutes. Annealing was carried out in air using muffle furnish was used for post
annealing treatment of the samples in air. The deposition conditions were optimized by

varying substrate temperature annealing temperature and annealing duration.

Table 2.1 Materials brands and purity

Material Name and symbol Brand Purity
Indium telluride (In2Te3) ACI Alloys, Inc, USA 99.999 %
Indium telluride (InTe) ACI Alloys, Inc, USA 99.999%
Bismuth (Bi) SRL, India 99.5%
Antimony telluride (SbaTes) Alfa Aesar, Russia 99.999%
Aluminium (Al) Alfa Aesar, US 99.9995%
Antimony (Sb) Himedia, India 99.9%
Selenium (Se) Sigma-Aldrich, china 99.999%
Tellurium (Te) Sigma-Aldrich, Japan 99.99%
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2.2 Thickness measurement method

There are many methods to measure the thickness of the films, most of such methods
are quartz crystal microbalance, surface profilers, interferometry, gravimetric method

and through cross section image of scanning electron microscope (SEM).

(1) Quartz crystal microbalance:

The quartz is a piezo-electric material which is useful to measure and monitor the
thickness (Tr) of the films. The amount of material deposited (Am) on the surface of
quartz crystal can be quantified by monitoring the change in resonate frequency (Af) by

using equation,

2nfE Am
i
Pqlq
Am
T, e

Where, f, is an oscillation frequency at the fundamental mode, n is overtone number,
A is active surface area of quartz crystal resonator, 1qand pqare shear modulus (2.947

x10'"!" gem!s?) and density (2.648 g/cm?®) of quartz, respectively and pr is the density
of the deposited film.

Since the frequency is a function of temperature, this method is not useful at higher

temperatures.

(i1) Multiple-beam interferometry

The multiple-beam interferometry is part of optical method in which a reflected ray
from the surface of film and reflected ray from the interface of film and substrate are
brought together to produce interference patterns. The measurement of fringe width (x)
and fringe shift (Ax) can allow to estimate thickness of the film using,

o —

23



where, A is wavelength of the incident light.

In this method both films and substrate should be more reflective.

(ii1) Gravimetric method:

Herein, the thickness of the films (Tr) usually depends on mass of film and the density
of material adapted from bulk (p). The mass of the films (ms) can be taken from the
difference in mass of substrate before deposition (m,) and after deposition (ma). By

scaling the area of film to be deposited, the working formula is,

In present study the gravimetric method has been used and further verified by SEM
cross section image. Since the density of films has taken from bulk, there might be error

in film thickness values. Hence, SEM cross section images were recorded for 10

samples and error was countered from gravimetric method.

Figure 2.3 A representative image for cross sectional SEM image for 350 nm thickness

film.

The average error in thickness measurement was estimated to be 5% (+ 10 nm of 350

nm) of thickness measured from gravimetric method.
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2.3 Characterization
2.3.1 Structural and compositional characterization

X-ray diffraction (XRD) is a powerful non-destructive technique to characterize solid
materials. X-rays are generated in cathode ray tube from the heated filament to produce
electrons, as well as accelerate the electrons towards a target by applying a voltage, and
bombarding the target material with electrons. When electrons have sufficient energy
to liberate inner shell electrons of target material, characteristic spectra will produce. It
provides information on structures, phases, preferred crystal orientations and other
structural parameters such as average grain size, crystallinity, strain and crystal defects.
X-ray diffraction peaks are produced by constructive interference of monochromatic
beam of x-rays scattered at specific angles from each set of lattice planes in a sample.
The peak intensities are determined by the distribution of atoms within the lattice.
Consequently, the x-ray diffraction gives fingerprint pattern due to periodic and unique

atomic arrangement in a given material.

Figure 2.4 RIGAKU x-ray diffractometer.

X-ray diffraction of the films were recorded by x-ray diffractometer (RIGAKU MINI
FLUX-600 model) using Cu K, radiation in 20 ranging from 20° to 65°.

25



The grain size can be calculated by the formula,

0.94 4
Pcos

Grain size D = (2.4)

where A= wavelength of Cu k, line (1.54059 A)

B = full width at half maxima value and

0 = Bragg’s angle

The lattice parameters can be calculated by using the formula

1
Ay = — (2.5)
h? k% [?
2Ttz

where d = inter planar distance, h, k, I - miller indices and a, b, ¢ — lattice Constants

The scanning electron microscope is a type of electron microscope that builds up
the images of sample surface point by point in a time sequence by scanning it with a
high-energy beam of electrons in a raster scan pattern. The electrons interact with the
atoms that makes the sample to produce signals that contain information about the
sample’s surface topography, composition and properties. A direct observation of
microstructure as well as the investigation of morphology can be made using the
scanning electron microscope (SEM). SEM generate images using secondary electron
and back-scattered electron (BSE) detectors. SEM is a powerful instrument which
permits the characterization of heterogeneous materials and surfaces on a local scale.
In the present investigations SEM is used in its most common mode, the emissive mode.
In this mode the secondary electrons emitted from the specimen are collected. It is
especially suitable for obtaining information concerning the surface region of the

specimen.

The EDS detector collects the characteristic x-rays of different elements. The x-
ray photon first creates a charge pulse in detector. This charge pulse is then converted

into a voltage pulse whose amplitude reflects the energy of detected x-ray. Finally, this
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voltage pulse produces an energy spectrum which is useful to determine the abundance
of specific elements. A typical EDS spectrum is portrayed as a plot of x-ray count versus
energy (in KeV). Energy peaks correspond to the various elements in the sample.
Energy dispersive x-ray spectroscopy can be used to find the chemical composition of
materials which is under a spot of size about few microns and to create element
composition maps over a much broader raster area. These capabilities together provide
fundamental compositional information for a wide variety of materials, including

polymers and metals.

Ld

B ' b- EE
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¥

Figure 2.5 ZEISS field emission scanning electron microscope.

The chemical composition of the films was confirmed by energy dispersive
analysis of X-rays (EDAX) (OXFORD, CLASS ONE SYSTEM model). Composition
is rounded off to one decimal place and an estimated maximum error of + 0.5 at % was
assumed. Field emission scanning electron microscope (FESEM) (CARL ZEISS

model) was used to capture surface image of the films.
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2.3.2 Electrical characterization

If an electronic conductor or semiconductor is connected to voltage source, then it
results in a current. Current-voltage curves of an electrical device or component are set
of graphical curves which are used to define its operation within an electrical circuit. If
the I-V curve is linear and symmetric then contact is said to be ohmic. If I-V curve is
non-linear and asymmetric then the contact is said to be non-ohmic. An ideal ohmic
contact is one in which the voltage drop across the junction is zero. The metal-
semiconductor junction will show ohmic nature when the barrier to the electron flow

between metal and semiconductor is small and easy to overcome even at small voltages.

To determine the electrical properties of semiconductor material, the nature of
contact with semiconductor needs to be checked. In this investigation, the ohmic
contacts were made by the evaporation of high purity silver onto the films under

vacuum. The ohmic nature of the contacts is verified by current- voltage characteristics.

DC two probe method is used to measure the electrical resistivity as well as
activation energy of prepared thin films. In this method, resistivity is computed by
measuring the resistance across the sample by passing a current through it. The

resistivity of film at constant temperature is calculated by the formula,

p=— 5 (26)

where A is an area of cross section of the film and L is the length.

Activation energy E, of film can be calculate using the resistance values at different

temperatures (298-473 K) by using relation,

E
R =R, exp (ﬁ) SN X

where k is Boltzmann constant and T represents the temperature in absolute scale.

In order to check the suitability of indium telluride to diode, the heterojunction made
with Si. The typical rectification nature of a p-n junction is studied through I-V
characteristic curves. Generally, in p-n junction, the I-V characteristics depends on

thermionic emission in interface region of low doping profile material whereas, on
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tunnelling current in high doping profile material. However, the mostly used model is
thermionic emission diffusion model in which the relation between voltage and current
denoted by equation 2.8.

v
I = I{exp (r’qk—T - 1)} (28

At higher voltages equation 2.8 can written into,

1= Lo (7))

Where, I indicates reverse saturation current, q is elementary charge, n represents
ideality factor, k is Boltzmann’s constant and T is the temperature. The equation for

reverse saturation current is,

aés

I, = A*T?*{exp <— T

)} > (29

Here, A™ is Richardson’s constant and ¢y is barrier height.

Hence, equation 2.8 have been used to estimate ideality factor to understand the

conduction mechanism whereas equation 2.9 is used to estimate the barrier height.

In the present study, a lab designed experimental setup (Figure. 2.6) has been used
to investigate the thermoelectric properties of both In;Te; and InTe films. The
experimental setup consists of two aluminum clamps to hold the sample in which one
of the clamp was connected to the heater. Here, the sample size (Indium telluride thin
film) was maintained such that the length-to-width ratio as 5.5 and the ohmic contacts
at the both ends of the thin film were made with silver (thermal evaporation method).
To maintain the temperature gradient in sample, the heater temperature was raised
gradually. The temperature indicators with thermocouple were connected to the hot and
cold ends of the sample to monitor the maintained temperature gradient. This
temperature gradient induces the thermo emf in the sample and it can be explained as
follows: at the hot probe, the thermal energy of the majority carrier is higher than at the
cold probe, hence carriers will tend to diffuse away from the hot probe driven by the
temperature gradient. As they diffuse away from the hot probe, they leave behind the

oppositely charged immobile donor atoms, which results in a current flow towards the
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hot probe and the magnitude of voltage across two ends will give the generated thermo
emf values. The thermo emf of the prepared films was measured in the temperature
gradient range of 5-170 K. Further, the current flow towards hot probe for p-type

material and away from the hot probe for n-type material, this allows to find the material

type.

/ Temperature indicator

»  Voltmeter

Substrate

Silver contact

Heater

» Film

Figure 2.6 Schematic diagram of the themo emf measurement set up.

Thermoelectric power of material can be measured using formula,

AV

S=4r ——— (210)

where AV = voltage difference

AT = temperature difference
2.3.3 Optical characterization

Optical analysis is a non-destructive technique which explores the change in intensity,
energy, phase, direction or polarization of the light wave after interaction with the

object being studied.

Spectrophotometry (UV-VIS-NIR) is one of the most basic methods to investigate the
properties of materials through their interaction with light which is useful to measure
an intensity of light reflected, transmitted or absorbed by that material. The material

absorbs light when the incident photons create atomic or charge in movements in the

30



material. If we measure that absorption as a function of photon energy, we can get an
insight into its electronic and atomic structure. We have to note the morphology, stress,
temperature, contact with other materials, etc. All these defects may affect the materials
phonons and electrons transitions and will modify the materials absorption capability
of light in many cases. This phenomenon allowing us to know more about the material’s
properties through the measurement of its absorption spectrum, all these variables must

be controlled or monitored while performing the measurements.

Figure 2.8 Shimadzu UV-VIS-NIR spectrophotometer.

The optical absorption spectra of indiun telluride films were recorded using a

spectrophotometer (SHIMADZU UV-3600) in the wavelength range of 500-2500 nm.

Absorption coefficient formula

A(hv — E;pt
hv

) @1

a(v) =

where, A= constant, E-P'= optical energy gap, hv is energy of incident photon and r =
power which characterizes the type of the optical transition process. The parameter ‘r’
has value ', for direct allowed transition and the value 2 for the indirect allowed
transition. The usual method for determination of optical band gap involves a graph of
(ahv)! against hv. The linearity of (ohv)!" versus hv plot indicates the existence of the

allowed type of transition.
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CHAPTER 3

OPTIMISATION AND PROPERTIES OF INDIUM TELLURIDE THIN FILMS

Overview:

This chapter describes the process followed to get stoichiometric and mono-
phased indium telluride films from the structural and compositional confirmation. The
optimisation process reveals that the annealing temperature plays an important role to
achieve mono-phased and stoichiometric films. Hence, the structural, electrical and
optical properties of InxTes and InTe films are investigated at optimised annealing
temperature by varying the substrate temperature. The parameters such as lattice
constants, activation energy, resistivity/conductivity, optical band gap and absorption

coefficient have been reported for mono-phased In:;Tes and InTe films.

3.1 Introduction

In order to understand the properties of a material, investigation should start with
optimising the growth conditions to attain stoichiometric and mono-phased films at
which the extrinsic defects are considered to be minimum. Since the indium telluride
exists in different stoichiometries such as In,Tes, InyTes, InTe, In7Tejo and In3Tes at
various pressures and temperature, a precise control on growth condition is essential.
To get stoichiometric indium telluride films, different methods are reported. Emziane
et al (1999) had used thermal evaporation method to grow In;Tes films. They varied
the annealing temperature and duration to obtain the mono-phase and stoichiometry of
the films and optimised annealing temperature at 663 K (30 min) on SnO> coated glass
substrates (Emziane et al. 1999). Guettari et al. (2003) attained mono-phased and nearly
stoichiometric (£1 at. %) films at 500 K substrate temperature by co-evaporation of In
and Te (Guettari et al. 2003). Desai et al. (2005) prepared InoTe; films by flash
evaporation method on glass substrates and obtained stoichiometry at 473 K substrate

temperature (Desai et al. 2005). Matheswaran et al. (2012) prepared single-phase and
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non-stoichiometric InoTe; films from In/Te bilayer by irradiation of 130 MeV Au ion

flux of 1x10'3 ions/cm? (Matheswaran et al. 2012).

Whereas for InTe, Rousina and Shivakumar (1987) had grown stoichiometric
films from non-stoichiometric bulk compound with excess of In using thermal
evaporation technique but the type of substrate used in this investigation was not
mentioned (Rousina and Shivakumar 1988). Peranantham et al. (2007) reported
stoichiometry of InTe films at 523 K annealing temperature, but these films are
exhibiting optical band gap of In;Tes (~1) (Peranantham et al. 2007). Intermediately,
there are many reports on indium telluride thin films in which some reported about
stoichiometry of the films and others mentioned only the phases involved in it (Afifi
et al. 1996; Hegab et al. 1998; Krishna Sastry and Jayarama Reddy 1983; Kumar and
Rao 2011; De Purkayastha et al. 1980; Sastry and Reddy 1980). In case of indium
telluride, the compound forms in different stoichiometries under variable pressure and
temperature. Therefore, the evaporated films are mixture of at least two phases which
can cause ambiguity in properties of material. Hence there is a compulsion to study
electrical and optical properties of mono-phased InTe in thin film form for further usage
in micro-electric devices. In this chapter, the growth parameters such as substrate
temperature, annealing temperature and annealing duration have been varied to attain

stoichiometry in both In,Tes and InTe thin films.

3.2 Structure and composition of source materials

In order to know the structure and composition of source materials, the powdered InoTes
and InTe precursors are subjected to XRD and EDAX analysis. Figure 3.1 shows the
powder XRD patterns of bulk InoTe; and InTe. Difractogram of both InoTe; and InTe
are indexed using cubic a-In,Te; (JCPDS card No: 00-033-1488) and tetragonal InTe
(JCPDS Card No:01-071-0109) diffraction data, respectively. The estimated lattice
parameter of In;Te; is 18.4782 A which is very close to the standard data (18. 4860 A).
In In,Tes compound, the peaks correspond to (51 1), (82 2),(9 3 3) and (12 0 0) planes
located at 20 of 25.2, 41.42, 49.05 and 60.12° respectively, and dominant along InoTe;3
(5 11) planes. Whereas InTe is also exhibiting multi-peaks and predominant along (2
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2 0) plane located at 20 of 29.88°. The calculated lattice parameters are 8.4513 A and
7.1852 A which are matching well with standard values (a=8.4540 A and ¢=7.1520 A).
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Figure 3.1 XRD patterns of powered bulk (a). InoTes and (b). InTe materials.

Figure 3.2 shows the EDAX spectra of InoTes and InTe compounds. The composition
of elements presented in this compounds are tabulated in table 3.1. In In,Tes, the
composition is nearer to stoichiometric ratio (2/3) whereas InTe compound is having
an excess amount of In. With this basic analysis of source compounds we have initiated

our investigation on the growth and optimisation of InoTes and InTe thin films.
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CPS

Table 3.1 Elemental composition of powdered bulk source materials

Elemental composition (at.%)
Compound In Te
InoTes 40.6 59.4
InTe 51.6 48.4
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Figure 3.2 EDAX spectra of bulk InoTes and InTe powers.

3.3 Preparation of In,Te; thin films
3.3.1 Growth conditions of In,Te; thin films

The InyTes thin films were grown on soda lime glass substrates using thermal
evaporation technique. The pre-deposited soda lime glass substrates were thoroughly
cleaned by three step process, initially by dipping them in chromic acid for 24 h to
remove impurities on the top layer of the substrate, then washed them with liquid
detergent, and finally ultrasonicated with acetone. For each deposition, a substrate of
7.5 x 2.5 cm? dimension was used. The residual pressure inside the chamber was
maintained at ~ 5x10¢ torr. The distance between the substrate to source was optimised

to 12 cm. A molybdenum boat (200 A) was used to evaporate the source material
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(99.999% pure InoTes pellets) and the current was gradually increased up to 52 A,
further maintained constant throughout the deposition. The thickness of the films was
maintained around 350 £10 nm. The deposition rate was maintained to 4.2 nm/s. While
optimising the deposition parameters, the substrate temperature of the films was varied
from 298 K to 473 K whereas, annealing temperature and duration were varied from
373 Kto 573 K and 1 hto 3 h, respectively. The electrical properties of the InTe; films
were investigated in the temperature range of 305 K to 453 K. The current-voltage

characteristics of the films were investigated in the voltage range of -5 V to +5 V.

3.3.2 Optimisation of growth parameters for stoichiometric In,Tes3 thin films
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Figure 3.3 X-ray difractogram of as- Figure 3.4 X-ray difractogram of films

deposited films at different substrate ~ deposited at 423 K and annealed at

temperatures. different temperatures.
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The films deposited at different substrate temperatures ranging from 298 K to 473 K
are subjected to both XRD and EDAX studies. Figure 3.3 shows the XRD patterns of
the as-deposited films at different temperatures. XRD patterns are indexed on the basis
of cubic In,Te; JCPDS data, the same data card which used to index the precursor bulk
compound is used. The as-deposited films are polycrystalline in nature with preferred
orientation along (4 4 0) direction. The films deposited at 298 K are having an
additional peak corresponding to hexagonal Te (1 1 0) at 20 of 23.02° (JCPDS data No.
01-078-2312) which disappeared for the films deposited at 373 K substrate temperature.
It is also observed that XRD patterns of bulk precursor powder and as-deposited films

are dissimilar.

Table 3.2 Variation in composition of InoTes thin films with substrate temperature

Substrate temperature Composition ( at.%)
(K) In Te
298 47.2 52.8
373 45.5 54.5
423 45.6 54.4
473 44.7 553

EDAX analysis shown in table 3.2 revealed that the as-deposited films have relatively
higher In:Te ratio when compared to the stoichiometric ratio (40:60) of InoTe; as they
are rich in indium. It has been observed that the crystallinity of the films deteriorates
when the films are deposited at a substrate temperature of 473 K. Hence, the films

deposited at 423 K are selected for further analysis.

Figure 3.4(a), 3.4(b) show the diffraction patterns of films deposited at 423 K followed
by post-annealing at 473 K for 2 h and 2:30 h, respectively, whereas figure 3.4(c) shows
the XRD pattern of films annealed at 523 K for 2 h. In contrast to the as-deposited films,
the annealed films show a decrease in the intensity of (4 4 0) peak and the appearance
of (5§ 1 1) peak. Table.3.3 summarizes the effect of annealing temperature and duration
on the composition of InoTes thin films. Irrespective of annealing duration, the films

annealed at 473 K and 523 K are found to be non-stoichiometric and indium rich.
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Table 3.3 Composition of InoTe; thin films at different annealing conditions

Annealing temperature and Composition (at%)
duration of 423 K deposit In Te
In;Te; thin films

473 Kfor2 h 42.9 57.1
473 K for 2:30 h 44.2 55.8
523 Kfor2h 42.7 57.3
573 Kfor1h 40.9 59.1
573 Kfor2h 40.2 59.8

Figure 3.4(d) shows the diffraction pattern of a film deposited at 423 K and annealed at
573 K for 1 h. These films show good crystallinity with strong (5 1 1), (8 2 2), (9 3 3)
and (12 0 0) peaks which are matching well with the standard data. Compositional
analysis of these films revealed that films are nearly stoichiometric. Although, the films
annealed for 2 h have better composition, but the quality and crystallinity of the films
are found to be diminished (Figure 3.5). Hence, the films deposited at 423 K followed
by post annealing treatment at 573 K for 1 h are suggested as better quality films.

Figure 3.5 Photograph of In>Te; films deposited at 423 K and annealed at 573 K for
2h.
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3.3.2. Effect of substrate temperature on the properties of In.Tes films at constant

annealing temperature
Structural properties:

From above analysis, one can observe that the optimised annealing temperature is 573
K. Hence, the effect of annealing on InoTes films was investigated at 573 K by varying
the substrate temperature. In,Tes thin films deposited at 298 K, 373 K, 423 K and 473
K substrate temperatures are annealed at 573 K for 1 h to investigate structural,
electrical and optical properties. The XRD patterns of the annealed films are shown in
figure 3.6. All films are polycrystalline in nature and contained diffractions from (5 1
1), (822),(933)and (12 0 0) planes which matches well with the XRD pattern of
powdered source material. The lattice constant of the films is estimated to be 18.478 A

using equation 2.6 which matches well with the standard data.
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Figure 3.6 XRD patterns of annealed Figure 3.7 FESEM images of annealed In,Te,
(573 K (1h)) In,Te, thin films at thin films deposited at (a). 298 K, (b). 373 K,
different substrate temperatures. (¢). 423 K and (d). 473 K substrate

temperatures.
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The FESEM images of these In,Tes thin films shown in figure 3.7 demonstrates the
granular structure. It can also be seen that the grain size increases proportionally with
the substrate temperature. Inter-granular gaps are originated in all films and are more
accent in 473 K deposited films. Table.3.4 shows the variation of composition and grain
size of annealed In;Tes films with the substrate temperature. The films are having
almost same composition regardless of the substrate temperature with indium (In) and
tellurium (Te) atomic percentages as 41.26 = 0.34 and 58.61 = 0.4, respectively.

However, the films deposited at 423 K are nearly stoichiometric.

Table 3.4 Composition and grain size of annealed In>Tes thin films

Substarte temperature of the | Atomic percentage of Grain size (nm)
films annealed at 573 K for 1h elements (at.%)

(K) In Te

298 41.6 58.4 29.32

373 41.7 58.3 30.04

423 40.9 59.1 34.28

473 41.0 59.0 36.65

Electrical properties:

The electrical studies have been carried out by making silver contacts on films using
thermal evaporation unit. The symmetric nature of I-V curves in figure 3.8(a) represents
the ohmic nature of silver to the films which in turn offers negligible voltage drop across
the interface of silver and In,Te; films. To know the type of majority carrier, the films
are subjected to thermo-electric probe analysis (Hot probe) which reveals that both as-

deposited and annealed films are p-type.
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Figure 3.8 (a). [-V characteristic curves and (b). Plot of In R verses 1/T of In,Tes films

deposited at different substrate temperatures and annealed at 573 K for 1h.

The electrical resistivity of the annealed films is estimated at room temperature from

the slope of I-V curves (Figure 3.8(a)). The electrical resistivity of the films is found to

be decreased with an increase in the substrate temperature which might be due to the

increase in grain size. Figure 3.8(b) shows the plot of variation in InR with inverse

temperature (Arrhenius plot of R(T)). The thermal activation energy of the prepared

films is determined from the slope of Arrhenius plots which is found to be 0.01 + 0.005

eV. Table 3.5 shows the variation in resistivity, activation energy and optical band gap

of annealed In,Te; thin films with substrate temperature.

Table 3.5. The resistivity, activation energy and optical band gap of InoTe; thin films

Substrate Resistivity at
temperature of Room temperature Activation Optical band gap
In;Te; films (Q-cm) energy (eV)
annealed at 573 K (eV)
for 1h (K)
298 0.423 0.015 0.99
373 0.343 0.012 1.01
423 0.33 0.011 0.98
473 0.263 0.009 0.97
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Optical properties:

Figure 3.9(a) represents transmittance spectra of annealed InoTes films. Higher
transmittance is observed in the near IR region for all annealed films (maximum of 90
% at 1500 nm wavelength). Figure 3.9(b) shows the variation in absorption co-efficient
(o) with photon energy of the films in visible range. The absorption co-efficient of the

prepared films in the visible range is of the order of 10> cm™.
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Figure 3.9 (a). Transmittance spectra, (b). Variation in absorption co-efficient with

photon energy and (c). Tauc’s plot of In>Te; thin films deposited at different substrate

temperatures and annealed at 573 K for 1h.
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Figure 3.9(c) shows the variation in (hva)? with photon energy in the range of 0.8 to
1.2 eV. The direct band gap of In>Tes films is estimated by extrapolating linear portion
of Tauc’s plots to energy axis which is found to be 0.99 + 0.02 eV regardless of applied

substrate temperature.

3.4 Preparation of InTe thin films
3.4.1 Growth conditions of InTe thin films

The InTe thin films were deposited on glass substrates of 7.5 x 2.5 cm? dimension using
thermal evaporation technique. Prior to the deposition, the glass substrates were dipped
in chromic acid for 24h and washed with liquid detergent and acetone. To evaporate
the source material (InTe pellets with 99.999 % purity) a 100 A molybdenum boat has
been used. An electrical supply to boat is gradually increased up to 52 A and further
kept it constant throughout the deposition. The residual pressure of the deposition
chamber has been maintained below 10 torr. The source to substrate distance was
maintained constant at 11 cm. The thickness of the InTe films was maintained constant
of about 30010 nm. The substrate temperature was varied from 305 K to 453 K and
annealing temperature from 473 K to 573 K for duration of 1 h to 2 h. The I-V
characteristics of stoichiometric InTe films were investigated in the voltage of range -

SVto+5 V.

3.3.2 Optimisation of growth parameters for stoichiometric InTe thin films

To get stoichiometric and mono-phased InTe thin films, the investigation is initiated by
varying substrate temperature. Figure 3.10 shows the XRD patterns of InTe films
deposited at different substrate temperature. Here, all films are showing polycrystalline
nature and exhibiting the mixed phase of InTe and In,Te;. All as-grown films are
predominantly oriented along InoTes (4 4 0) plane except the films growth at 423 K in
which In;Tes (5 3 1) is dominant. However, the contribution of InTes phase is

dominant in as-deposited films whereas, InTe peaks are having very small intensity. In
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order to fix the substrate temperature for further analysis, all as-deposited films are

subjected to compositional analysis.
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Figure 3.10 XRD patterns of InTe films at different substrate temperature.
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Figure 3.11 XRD patterns of InTe films grown at 473 K and annealed at different
temperatures for different durations.
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The details of elemental compositions are given in table 3.5 which is revealed that all
as-deposited films are indium rich. Among all as-deposited films, the films deposited
at 473 K are nearer to stoichiometric InTe, but exhibiting the mixed phase of InoTe;3

and InTe. Hence the films deposited at 473 K are selected for post-annealing treatment.

Figure 3.11 shows the XRD patterns of InTe films grown at 473 K and annealed at
different annealing temperatures and durations. Figure 3.11(a) represents diffraction
pattern of InTe films annealed at 473 K for 1h. Even though films are annealed at 473
K, they retained in the mixed phase of In;Tes and InTe. Further increase in annealing
temperature leads to formation of single phase InTe films. Irrespective of annealing
duration, the films annealed at 523 K and above 523 K (Figure 3.11(b-¢)) are mono-
phased tetragonal InTe films. The increase in annealing duration enhances the peak
intensity. The EDAX analysis of annealed films reveals that the films grown at 473 K
and annealed 523 K for 1h are stoichiometric films with In and Te atomic percentage
of 49.93 and 50.07, respectively. Hence, the optimised annealed temperature to get
mono-phase InTe films is 523 K for 1h which is adapted for further investigation to

study the electrical and optical properties by varying the substrate temperature.

3.4.3 Effect of substrate temperature on properties of InTe films at constant

annealing temperature
Structural properties:

Figure 3.12 indicates the diffraction patterns of InTe films grown at different
substrate temperature and annealed at 523 K for 1h. Irrespective of applied substrate
temperature, all films are mono-phased and predominant along tetragonal InTe (2 0 2)
plane. The XRD patterns of all these films are matching with bulk as well as with
standard data. The compositional analysis of these films showed that all films are nearly
stoichiometric (In 49.60+0.50 at. % and Te 50.40+0.50 at.%). From the XRD data, the
estimated lattice parameters of annealed films are a =b= 8.4363 A and ¢ = 7.1129 A
which are matching well with standard data (standard a = 8.4540 A and ¢ = 7.1520 A).
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Figure 3.13 shows the FESEM micrographs of annealed InTe films deposited at
different substrate temperatures. FESEM images of the films deposited at 298, 373, 423
and 473 K indicate distinct morphologies. Room temperature deposits as seen in figure
3.13(a), shows a flake like morphology with porous top layer which might be due to
the high rate of deposition of Te since vapour pressure is higher than that of indium.
Figure 3.13(b) represents the annihilation of flakes portions and further increase in
substrate temperature resulted in the unclear grain formation with inter grain gaps
(figure 3.13(c)). Finally, the morphology of films deposited at 473 K (figure 3.13(d))
reveals the complete rearrangement of grains and also reduction in the inter-grain gaps.
However, the substrate temperature significantly influences the uniformity of InTe
films. The intergrain gaps are found to be decreased with an increase in the substrate

temperature and reasonably uniform films are obtained at 473 K substrate temperature.

Table 3.6 Compositional analysis of InTe thin films

Temperature (K) Elemental composition (at.%)

Substrate temperature | Annealing temperature | In Te

Bulk - 51.6 48.4
298 - 51.8 48.2
373 - 52.5 47.5
423 - 51.9 48.1
473 - 50.8 49.2
298 523 (1h) 50.4 49.6
298 523 (2h) 49.9 50.1
373 523 (1h) 49.6 50.4
423 523 (1h) 49.2 50.8
473 523 (1h) 49.9 50.1
523 523 (1h) 50.3 49.7
523 523 (2h) 50.1 49.9
523 548 (1h) 514 48.6
523 573 (1h) 50.7 49.3
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Electrical properties:

To investigate the electrical properties, the silver contacts are made on InTe films and
verified ohmic nature using I-V plots. The silver contacts are showing ohmic behaviour
with InTe films in figure 3.14 (a). Figure 3.14 (b) represents Arrhenius plots of
resistance R(T). The linearity of InR versus inverse temperature graph indicates the
semiconducting behaviour. The thermal activation energy of InTe films are determined
from the slopes of figure 3.14 (b). The thermal activation energy is found to be
minimum (Table 3.7) for the films grown at 423 K substrate temperature which can be
expected due to larger grain size (Figure 3.13).The estimated electrical conductivity of
stoichiometric InTe films is found around 15.612 Q! cm™! at room temperature which
is comparatively higher than the reported value of 2.5 x 102-4 x 102Q ! cm! at T =
298 K for evaporated thin films (Madelung et al. 1998). The type of conductivity of the
InTe films is confirmed by hot probe method which revealed that p-type conductivity.
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Figure 3.14 (a). I-V curve of stoichiometric InTe films (b). InR versus inverse
temperature plots of InTe films deposited at different substrate temperatures and

annealed at 523 K for 1 h.
Optical properties:
The transmission spectra of InTe films are depicted in figure 3.15(a) and showing

higher transmittance (65- 80 %) in NIR region. To estimate optical energy gap of the
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obtained films, the Tauc’s plots has been plotted which reveals that the films are direct

band gap semiconductors.

Table 3.7 Activation energy and optical band gap of InTe thin films

Substrate temperature of
InTe films annealed at 523 Activation energy Optical band gap
K for 1h (K) (eV) (eV)
298 0.0805 1.61
373 0.0565 1.60
423 0.0280 1.58
473 0.0406 1.42
100 0.05
90-
80+ 0.04
g70- NE
w -~
8601 30031
£ 50 e
x o
£ 40 NEo.oz-
530 E
") ~0.01
10+
0 0.004
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Figure 3.15 (a). Transmittance as a function of wavelength (b). Tauc’s plots and (c).

Absorption coefficient as a function of energy for InTe thin films.

49



The optical band gap of the films is estimated by extrapolating the linear portion of
(hva)? curve to energy axis (table 3.6). As depicted in figure 3.15(b), the optical band
gap of the films is found to be decreased from 1.6 eV to 1.42 eV with an increase in the
substrate temperature from 298 K to 473 K. The optical band gap of stoichiometric and
uniform films is found to 1.42 eV. The influence of substrate temperature on annealed
films may cause changes in arrangement of clusters or grains due to variations in
stoichiometries, resulting an alteration in inherent band gap of compound. Figure
3.15(c) represents the variation in absorption coefficient with photon energy of InTe

films which is in the order of 10° cm™! for all films.
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CHAPTER 4
THERMOELECTRIC PROPERTIES OF INDIUM TELLURIDE THIN FILMS

Overview:

This chapter deals with optimisation of growth conditions to enhance the
thermoelectric properties of both InTe; and InTe films by varying substrate
temperature, annealing temperature and growth rate. The effect of doping (Bi, Sb:Tes,
Al, Sb, Se and Te) on structural and thermoelectric properties of In:Tes films are
reported. Additionally, a commercial thermoelectric material (p-type,) Sb:Tes is

alloyed to In;Tes and results are compared.

4.1 Introduction

The thermoelectric materials have been paid attention in research due to its capability
of direct conversion of thermal energy into the electric energy. The performance of a
thermoelectric materials can be decided by dimensionless quantity called ‘figure of
merit’,
_ S20T
k

where, S is seebeck coefficient or thermoelectric power, o is electrical conductivity, T

represents absolute temperature, and k indicates thermal conductivity (Jood et al. 2011).

The power factor (S?c) is directly proportional to ZT and describes the electron
transport properties of a materials which is useful to select a class of potential
thermoelectric materials. Basically, the materials having higher electrical conductivity
are suffering from low seebeck coefficient due to its symmetry in density of states
(Markov et al. 2018). Hence improving the power factor is also a challenging criteria
to enhance performance of a thermoelectric material. The power factor (PF) can be
enhanced based on various strategies such as band engineering, defect engineering and

exploitation of complex band structures (Zhou et al. 2018). As a part of complexing the
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band structure, doped semiconductors are recommended for best thermoelectric

performance due to its asymmetry between conduction and valence bands.

In;Tes has large density of intrinsic vacancies at cation sites which is ~5.5 x 10?! cm-
3 due to the lattice mismatch between indium (In**) and tellurium ions (Te*?) (Popov
1988; Rowe 2012). Hence, thermoelectric performance can be expected to be improved
by phonon-vacancy scattering which plays a potential role in the reduction of thermal
conductivity (Fu et al. 2010). Additionally, In;Te; has high radiation stability of
electrical parameters even after fluency of ionization which was examined
experimentally up to 10'® fast neutrons per cm? (Volovichev et al. 1998). Hence this
material can be used in thermoelectric power generators in the vicinities of nuclear
reactors. Despite of its ample characteristics to exhibit good thermoelectric properties,
research invested on In2Te; thin films is still meagre. Lakshiminarayana et al. (2002)
investigated the thermoelectric power of stoichiometric InoTes thin films and observed
that thermoelectric power is nearly independent of hot-end temperature (300-420 K)
and dependent on thickness of the films which was predicted by the size effect theories
(Lakshminarayana et al. 2002.). As well, Krisnasatry and Jayarama reddy investigated
the thermoelectric propertes of InTe thin films and reported that seebeck coefficient of
InTe films increases with an increase in substrate temperature and weakly depends on

the temperature (273-400 K) (Sastry and Reddy 1980).

It is interesting to investigate its thermoelctric propeties of indium telluride films
because of its basic properties as mentioned above. In the present work, the growth
parameters such as substrate temperature, annealed temperature and deposition rate
have been varied to enhance the thermoelctric power (seebeck coeifficient). In addition,
it has been doped by Bi, SbyTes, Al, Sb, Se and Te. A significant effect shown by the
dopants on seebeck coeffient and power factor as well as marginal changes seen in

electrical conductivity of indium telluride thin films are disscused in this chapter.
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4.2 Thermoelectric properties of In>Tes; thin films
4.2.1 Growth conditions and optimisation

To investigate the thermoelectric properties, InoTes films are thermally deposited on
glass substrates. Prior to the deposition, the glass substrates were cleaned using chromic
acid, liquid detergent and ultra-sonicated with acetone to remove the impurities present
on the surface of the glass slides. An aluminium mask was used to maintain length to
width ratio of the films at 5.5. The vacuum inside the deposition chamber was
maintained at ~ 5x10 torr. The distance between the substrate and source was fixed to
12 ecm. A 200 A molybdenum boat was used to evaporate 99.999% pure In,Te;3
precursor material. The seebeck coefficient and electrical properties of prepared films
are investigated in the temperature range from 298 K to 465 K. To enhance the seebeck
coefficient, the deposition rate is changed from 4.2 nm/s to 11 nm/s and optimised to
11 nm/s. Figure 4.1 shows the higher thermo emf generation for the InoTe; films
deposited at 11 nm/s rate compared with stoichiometric films (annealed at 573 K for
1h) and films deposited at lower rates. The substrate temperature and thickness of the

films were varied from 298 K to 473 K and 50 nm to 500 nm (£10 nm), respectively.
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Figure 4.1 Plot of thermo emf as a function of temperature difference of InoTes films

grown at different conditions.
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4.2.2 Structural and thermoelectric properties of In.Te; films

Structural properties and composition:

aInTe

- >211)
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Figure 4.2 XRD patterns of In;Tes thin films grown at different substrate temperatures.

Figure 4.2 shows the XRD patterns of InoTes thin films deposited at different substrate
temperatures ranging from 298 K to 473 K. The XRD patterns reveal the polycrystalline
nature of prepared films. In the as-grown In;Tes films deposited at substrate
temperature till 423 K (i.e., 298, 373 and 423 K), four peaks are observed which are
corresponding to (4 4 0), (53 1), (2 1 0) and (7 6 3) planes of cubic phased In,Te;3
(JCPDS Cord No. 33-1488). Further increase in the substrate temperature to 473 K
resulted in the minor contribution of tetragonal InTe phase (JCPDS Cord No. 00-007-
0112). The (5 3 1) plane corresponding to InoTes phase was diminished, while InTe (2
1 1) plane appeared in the as-grown films. The formation of InTe phase is reasonable
because, according to phase diagram of indium telluride compound, InTe phase is next
stable phase after InoTe; at relatively elevated temperatures. Therefore, films deposited

at substrate temperature up to 423 K are pure and mono-phased, whereas films
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deposited at 473 K are exhibiting mixed phase of In;Tes and InTe. The cubic lattice
constant of In,Tes films is estimated from (4 4 0) peak which is ~ 18.503 A.

300V SgralA=inlens Mag= 4000KX  WD= 34 mm

% 8 Lgh i Sl T SR
EHT= 300KV  SgnalA=inlens Mag= 4000KX WD= 36mm

Figure 4.3 Surface micrographs of indium telluride films prepared at different substrate

temperatures.

The FESEM images of the as-deposited films at different substrate temperatures reveal
that the surface of the films is granular (Figure 4.3). For the films deposited at 423 K
and 473 K substrate temperatures, the inter-grain gaps are found to be originated. The
average diameter of inter-grain gaps is 30 nm in 423 K deposited films, and 45 nm in
473 K deposited films. These inter-grain gaps do not affect the continuity of the films

since films are thick enough to contain several layers.

The composition of In,Te; films are summarized in table 4.1 which reveals that the
indium content in the films decreases with an increase in the substrate temperature.
Generally, the energy required to create an indium vacancy is less than that of the

tellurium vacancy. Hence, the indium atoms are knocked out of the lattice which
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increases with an increase in substrate temperature. To investigate the sole effect of
substrate temperature on the generation of thermo emf, the thickness of the films is

maintained constant around 350 nm.

Table 4.1 Variation in the composition of as-deposited films at different substrate

temperatures
Substrate temperature | Composition of elements (at.%)
(K) In Te
298 54.5 45.5
373 54.1 45.9
423 534 46.6
473 52.1 47.9

Thermoelectric properties:

Figure 4.4(a). shows the variation in thermo emf generation with temperature
difference. The films grown at 423 K substrate temperature are generating higher
thermo emf which can be attributed to the above mentioned changes in composition
and structure of the as-prepared films. The thermoelectric power of InoTes films is
independent of hot end temperature (Figure 4.4b), hence the power factor of these films
depends only on the electrical conductivity. The positive thermoelectric power values

of the films reveal that InoTes films are p-type.

The variation in electrical conductivity with inverse temperature for the as-grown films
at different substrate temperatures is presented in figure 4.4(c). The exponential
decrease of the conductivity with inverse temperature represents the semiconducting
nature of the samples. The electrical conductivity of In;Tes films is found to decrease
with an increase in the substrate temperature till 423 K due to the decrease of indium
content. However, the conductivity of the films deposited at 473 K is higher than that
of films deposited at 423 K which might be due to the existence of mixed phase of
indium telluride. These observations revealed that, at higher deposition rates, the
composition of the films is a dominating factor on properties of the films rather than

substrate temperature.
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Figure 4.4 (a). Variation in thermo emf with temperature difference (b). Plot of
thermoelectric power versus hot end temperature, (¢). Variation in electrical
conductivity with inverse temperature and (d). Variation of power factor with

temperature, of InoTe; films deposited at different substrate temperature.

Figure 4.4(d) shows the variation in power factor as a function of temperature. The
power factor of these films increases with temperature in the investigated range. The
power factor of films is marginally altered by the substrate temperature and found
maximum for films deposited 423 K which is 24 pWm™'K2 at 450 K. To study the
effect of the film thickness on thermoelectric power generation of In;Te; films, the
substrate temperature is kept constant at 423 K since these films have ascendant

thermoelectric power as well as power factor.
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Figure 4.5 (a). Plot of thermo emf versus temperature difference, (b). Temperature
dependent electrical conductivity for different thickness films and (c). Power factor of

different thickness In,Te; films as function of temperature.

The generation of thermo emf is found to decrease marginally with an increase in the
film thickness (Figure 4.5a). All films follow the same increasing trend with rise in the
temperature. Thickness of samples make a contribution to change in the band structure
and fermi energy in nano regime, thus the value of thermoelectric power is higher for
the thin films. The films with 150 nm thickness have ascendant thermo emf value than
that of other films. Films with lower thickness (50 nm) showed an abrupt fall in thermo
emf compared with the films of thickness 150 nm and this is mainly due to the inter-

grain gaps (Figure 4.3b) that causes discontinuity in films at lower thicknesses.
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The electrical conductivity of samples showed an increasing trend with an increase in
the film thickness (Figure 4.5b). As the thickness increases, the diminution of crystallite
boundaries can be responsible for the increase in electrical conductivity of the films.
The power factor as a function of temperature for the films having different thicknesses
is shown in figure 4.5(c). Due to increase in both thermoelectric power and electrical
conductivity with the rise in the temperature, the power factor of the samples shows an
increasing tendency with temperature. The thin films with 150 nm thickness shows

higher power factor value than any other films which is 27 pyWm'K? at 450 K.

4.3 Thermoelectric properties of doped In,Tes thin films
4.3.1 Growth conditions of doped In;Te; thin films

In order to enhance the seebeck coefficient of InoTes films, the materials, bismuth (Bi),
antimony telluride (Sb.Tes), aluminium (Al), antimony (Sb), selenium (Se) and
tellurium (Te) were used as dopants. Glass slides were used as substrate material which
were cleaned with chromic acid, liquid detergent and acetone. The substrate
temperature of the films is varied from room temperature to 473 K and optimized based
on two factors namely homogeneity and thermoelectric power shown by the films. It
has been observed that un-doped In>Te; films deposited at 423 K are uniform with fine-
grained structure (Figure 4.3c) and show high thermoelectric power. Beyond this
substrate temperature, the thermoelectric power is observed to decrease due to the
formation of an additional InTe phase. The thickness of the films is maintained at ~ 350
nm. The precursors of both source material (99.999 % pure In,Tes) and dopants (Bi-
99.5 %, SbaTe3-99.999 %, Al-99.9995%, Sb-99.9 %, Se-99.999 % and Te-99.99%) are
used in pellet form and evaporated using a molybdenum boat. For evaporation, the
current supplied to boat is gradually increased and maintained constant thereafter. The
seebeck coefficient and electrical conductivity of the films was investigated in the

temperature range from 298 K to 465 K.
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4.3.2 Bi doped In;Tes thin films

Structural properties and composition:
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Figure 4.6 XRD patterns of Bi doped In,Tes thin films deposited at 423 K.

Figure 4.6 shows the XRD patterns of Bi doped In,Tes thin films. All Bi doped In2Te;s
films are polycrystalline in nature with multiple peaks corresponding to cubic InoTe;3
phase along with minor contribution of hexagonal Te and tetragonal InTe phases. In
Fig4.6,(440),(531),(820),(840), (75 3) peaks corresponding to In,Tes phase, (3
1 0) peak belongs to InTe and (1 0 0) peak corresponding to Te phases are appearing.
Bi-1 and Bi-3 films are predominantly orientated along In>Tes (5 3 1) plane whereas,
Bi-2 are dominantly oriented along (4 4 0) plane of In,Tes phase. The lattice parameter
of these films is calculated using equation 2.5 along InoTes (5 3 1) plane which is 18.503
A. FESEM micrographs of Bi-doped In:Te; are given in figure 4.7. The surface of the
InyTes films is basically granular and grain size increases with increasing Bi doping
percentage. There are few inter-grain gaps on films surface which reduces with an
increase in Bi concentration. The inter-grain gaps are more pronounced in Bi-1 films

and does not affect the films continuity due to enough thickness (~350 nm).
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Figure 4.7 FESEM micrographs of Bi doped In>Tes thin films.

Table 4.2 Composition of Bi doped In,Tes thin films

Sample names Dopant conc. Film Composition ( at%.)
(%) in source Bi In Te
Bi-1 1% 0.9 52.4 46.7
Bi-2 3% 23 52.1 45.6
Bi-3 5% 3.0 523 44.7

The Compositional analysis of Bi doped In;Tes films revealed that Bi doping
percentage in the prepared films is less than the precursor Bi percentage which might
be due to the difference in vapour pressures of dopant and source material (Te>Bi>In).

The elemental atomic percentage of the constituents is given in table 4.2. Figure 4.8 is
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an EDAX spectrum showing the presence of Bi in prepared films. Similarly, all the
prepared films show the presence of corresponding amount of dopant added in bulk

precursor material.

2 4 6 8 10 1
Full Scale 9670 cts Cursor: 0.000 ke

Figure 4.8 EDAX spectra of doped In,Te;s films (Bi-1).
Thermoelectric properties:

To investigate thermoelectric properties of Bi doped In;Tes; films, silver contacts
(Ohmic) are thermally deposited on the films using thermal evaporation method. Figure
4.9 (a) represents the variation in thermo emf with temperature difference. The thermo
emf of the Bi doped InxTes films is proportionally increasing with an increase in
temperature but decreasing with an increase in Bi doping concentration. The positive
slope of figure 4.9 (a) indicates the p-type conductivity of the films. The seebeck
coefficient of these films decreases with an increase in Bi doping concentration (Figure
4.9b). The seebeck coefficient is maximum for Bi-1 films which is 288 u V K! at 320
K.

The electrical conductivity of In,Tes films is marginally affected with Bi doping which
can be seen in figure 4.9(c). The exponential decrease of electrical conductivity with
inverse temperature indicates the semiconducting behaviour of the prepared films
(Figure 4.9c). However, Bi-2 films are showing maximum electrical conductivity

which might be due to involvement of InTe (which have higher conductivity than
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InyTes) phase and reduction in inter-grain gaps. The electrical conductivity of Bi-2 films

is around 3.72 Q' cm™ at 320 K.
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Figure 4.9 (a). Variation in thermo emf with temperature difference, (b). Plot of
thermoelectric power versus hot end temperature, (¢). Electrical conductivity as
function of inverse temperature and (d). Variation of power factor with temperature, of

Bi doped In2Te; films.

Figure 4.9 (d) shows the power factor of Bi doped In,Tes; films as a function of
temperature which is showing an increasing trend with an increase in temperature. As
Bi doping percentage increases, the power factor of the films found to be decreased.

Since the power factor (S?c) depends on both electrical conductivity and seebeck co-
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efficient, Bi-1 films have shown higher power factor of ~ 23.89 uW m! K-2 (at 320 K)
which is enhanced by 4.8 times than that of un-doped InzTes films.

4.3.3 (a) Sbz2Te; doped In;Te; thin films

Structural properties and composition:
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Figure 4.10 XRD patterns of Sb2Te; doped In2Te;s films deposited at 423 K.

Figure 4.10 shows the XRD patterns of un-doped and Sb,Tes doped In>Tes thin films
which are showing the polycrystalline nature. The diffraction patterns of un-doped
films are showing (4 4 0) and (5 3 1) peaks which are matching with standard cubic
In,Te; data and dominant (4 4 0) reflection. The intensity of InoTes (4 4 0) peak
gradually increases with an increase in SboTe; doping concentration. No peaks
corresponding to SboTe; phase are found in XRD patterns. The lattice constant of doped
films has been estimated along In,Tes (4 4 0) plane which is predominant peak in pure
InyTes diffraction pattern. From the XRD data, the estimated lattice constant is 18.503

A for SbyTe; doped In,Tes films which is matching well with un-doped In,Tes films.
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Figure 4.11 FESEM micrographs of Sb>Tes doped InzTes thin films deposited at 423
K substrate temperature.

Table 4.3 Composition of SboTe; doped In>Tes thin films

Sample names Dopant conc. Film Composition ( at%.)
(%) in source Sb In Te
Sb;Tes-1 1% 0.4 46.0 53.6
Sb;Tes-2 3% 1.2 47.7 51.1
Sb;Tes-3 5% 2.1 50.0 47.9

Figure 4.11 shows the surface morphology of un-doped and SboTe; doped films. A

significant modification can be observed from the FESEM micrographs. The grain area
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of the In,Te; films is significantly increased with Sb,Tes doping. Due to an increase in
grain area, grain boundaries also increased. Table 4.3 summarises the elemental
concentration of SbyTes doped films. The composition of the films reveals that the films

are indium rich, whereas antimony is following its stoichiometry with respect to added

percentage.

Thermoelectric properties:
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Figure 4.12 (a). Variation in thermo emf with temperature difference, (b). Plot of
thermoelectric power versus hot end temperature, (¢). Electrical conductivity as
function of inverse temperature and (d). Variation of power factor with temperature, of

SbaTes doped InoTes films.
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The thermo emf of SboTes doped films is proportionally increasing with temperature as
depicted in figure 4.12(a). The positive slope of figure 4.12(a) is an indication of p-type
conductivity of SbyTes doped InoTes films. Figure 4.12(c) shows the typical plot of
variation in thermoelectric power with temperature. Thermoelectric power of all films
is decreased drastically at lower temperatures and reached saturation after 330 K. The
maximum thermoelectric power is found in SbyTes-1 films (~266 uVK! at room
temperature) and further decreased with an increase in doping percentage. An increase
in thermoelectric power at lower doping concentration is an indication of asymmetric
phase formation in the films structure. At relatively higher doping concentration, the

films are intended to be more symmetric leading to a decrease in thermoelectric power.

The electrical conductivity of the films marginally decreased with an increase in doping
concentration and is maximum for SboTes-1 films. At 320 K, the electrical conductivity
of SbyTes-1 films is around 8.47 Q'cm™!. The thermoelectric power factor of Sb,Tes
films increased significantly compared with un-doped films. As doping concentration
increases, the power factor of the films decreases and found to be maximum for Sb,Tes-
1 films which is 60.04 pWm™'K2 at 320 K. Moreover, the power factor of SboTes-1

films is enhanced by 12.2 times of un-doped In>Te; films.

4.3.3 (b). Sb.Te;3 alloyed In,Tes thin films:
Structural properties and composition:

Figure 4.13 shows the typical XRD patterns of SboTe; alloyed InoTes films. The films
are showing polycrystalline nature and intensity of In2Te; peaks gradually reduced
when Sb,Te; peaks are raised with an increase in Sb2Tes percentage. The XRD pattern
of pure SbyTes films deposited at same growth conditions is also given in figure 4.13
for comparison purpose. In all alloyed films, (0 1 5), (1 0 10) and (0 1 11) planes
corresponding to Sb,Tes phase are appearing. The peak corresponding to Sb (1 0 4) is
appearing in both 50 % and 75 % SboTe; mixed InoTes films. As SbaTes percentage
increases, the peak at 20 of 27.24° corresponding to InoTe; phase disappeared and
gradually shifted to higher angle of 28.24° belonging to Sb>Tes phase which might be
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due to replacement of In** with Sb** (effective ionic radius: In**~80 pm and Sb** ~76

pm).
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Figure 4.13 XRD patterns of SbyTe; alloyed InxTes films deposited at 423 K substrate

temperature.

Figure 4.14 shows the FESEM images of SbyTes alloyed In,Tes films. The surface
structure is gradually converting from In;Tes grain orientation to SboTe; grain
orientation which is also evidenced in XRD patterns in the form of phase transformation
from InoTes to SboTe;. The EDAX analysis revealed that In composition gradually
decreases with an increase in SbyTes percentage. The elemental composition of SbaTes
alloyed In,Tes films is summarized in table 4.4. The composition of pure SboTes films
deposited at same growth condition are also given in table 4.4 which indicates that these
films are Sb rich (Stoichiometric ratio Sb/Te: 2/3). The structural properties together

with composition analysis revealed the replacement of In*" by Sb** ions.
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Figure 4.14 FESEM micrographs of Sb,Tes alloyed In2Tes thin films.

Table 4.4 Composition of SbyTes alloyed InoTes thin films

Sample names

Dopant conc.

Film Composition ( at%.)

(%) in source Sb In Te
25% SbaTe; 25% 7.0 37.4 55.6
50% SbyTes 50% 18.6 24.6 56.8
75% SbyTes 75% 32.9 11.9 55.2
SboTes pure 46.3 - 53.7
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Thermoelectric properties:
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Figure 4.15 (a). Variation in thermo emf with temperature difference, (b). Plot of

thermoelectric power versus hot end temperature, (c¢). Variation in electrical

conductivity with inverse temperature and (d). Power factor as a function of

temperature, of Sb,Te, alloyed In,Te, films.

Figure 4.15 (c) shows the electrical conductivity of SboTe; alloyed InoTes films. The

electrical conductivity of SbyTes films is greater than InoTe; films, hence the

conductivity of InpTes films is gradually increased with an increase in SboTes

percentage. The 75 % Sb,Tes alloyed In;Tes; films showed maximum electrical

conductivity of about 71.46 Q'cm™ (At 320 K). The variation in power factor with

temperature of prepared films is depicted in figure 4.15 (d). The power factor of films
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is increasing with an increase in temperature. Since the power factor is a function of
seebeck coefficient and electrical conductivity (S%c), the maximum power factor is
showed by 25% Sb,Tes-In,Tes films which is ~ 58.57 pWm™'K2. Moreover, the power
factor of 25% Sb,Tes alloyed In,Tes films is enhanced by 11.9 times of un-doped In>Tes3

films and 4 times of pure SboTe; films.

4.3.4 Al doped In;Te3 thin films

Structural properties and composition:
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Figure 4.16 XRD patterns of Al doped In>Tes films deposited at 423 K.

Figure 4.16(a) is a typical XRD pattern of Al doped In,Tes thin films deposited at 423
K substrate temperature. Irrespective of doping concentration, all films exhibit mixed
phase of InoTes and Te. It is observed that when dopant concentration increases the
crystallinity of the films improves marginally with an improvement in the intensity of
(4 4 0) peak corresponding to InoTes. Furthermore, an increase in the presence of free
tellurium is reflected in the XRD as well as in the electron micrographs (Figure 4.16).
No peaks corresponding to reflections from other phases of indium telluride and free

dopant materials were observed. In order to understand the effect of doping on lattice
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of InoTes films, the lattice constant of films was measured along (4 4 0) which is a
prominent peak for source material. The estimated lattice constant of the films is 18.503

A which matches with the reported data.

Figure 4.16 FESEM micrographs of Al doped In2Tes thin films.

The FESEM images are depicted in figure 4.16. Al doping has shown a notable
influence on the morphology of the films. The grain size of Al-1 films is reduced when
compared with un-doped In>Tes films. Further increase in Al percentage shown gradual
formation of grains with un-clear grain boundaries. The dopant concentration in the
starting material and the final films is tabulated in table 4.5. The films are showing less
doping percentage when compared with added doping percentage which is due to the

difference in vapour pressures of the constituent elements (Te>In>Al).
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Table 4.5 Elemental composition of Al doped In;Tes thin films

Sample names = Dopant conc. Film Composition ( at%.)
(%) in source Al In Te
Al-1 1% 1.1 46.4 525
Al-2 3% 2.1 44.2 53.7
Al-3 5% 3.2 42.9 53.9
Al-4 7% 4.2 42.3 535

Thermoelectric properties:

Figure 4.17(a) shows the variation in thermo emf generation of aluminium doped In,Te;3
films with temperature difference. The positive slope of these graphs indicates the p-
type conductivity of Al doped InxTes films. Since the compound InzTes is p-type and
exhibits the ionic nature, the donors (Te*") are mainly self-compensated by ionic defects
while acceptors (In*") are significantly compensated by holes. The Al dopant can
produce ions isovalent to In and can produce substitutional defects. The p-type
conductivity remains same in Al doped In>Te; films. The thermo emf of Al doped films
are linearly increasing with temperature difference. Notably, the thermo emf shows
increasing trend up to Al-2 and further decreases with an increase in dopant
concentration. The increase in thermo emf at low dopant concentrations indicates that
the dopant in the film forms a disordered phase leading to an increase in the electrical
resistivity. At higher concentration of dopant, the films are relatively more ordered

leading to a decrease in the electrical resistivity.

Figure 4.17(b) represents variation in seebeck coefficient with temperature of Al doped
InyTes thin films which in turn indicates that the rate of thermo emf is significantly
higher at lower temperatures and gradually decreases to reach saturation level in the
investigated temperature range. Higher seebeck coefficient has been seen for Al-2

doped In;Te; films which is ~384 pVK-! at 320 K.
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Figure 4.17 (a). Variation in thermo emf with temperature difference, (b). Plot of

thermoelectric power versus hot end temperature, (¢). Electrical conductivity as

function of inverse temperature and (d). Variation of power factor with temperature, of

Al doped InzTes films.

The temperature dependent electrical conductivity (o) of Al doped films are shown in
Figure 4.17(c). Doping can affect the conductivity due to the following reasons. The
dopant impurity atoms can reduce the grain size and increase the grain boundaries
which results in decrease of electrical conductivity. On the contrary, it may provide
additional carriers to increase the conductivity. Hence, electrical conductivity will be a
resultant of two effects and a strong function of the dopant concentration. The changes
in the electrical conductivity of the films will have a direct influence on the
thermoelectric power factor as can be seen from figure 4.17(d). However, the highest

power factor of the films is showed by Al-2 films at room temperature whereas, the
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power factor values of Al-2 films are merging with Al-3 films at higher temperatures
than 390 K. The power factor of Al-2 films is ~ 15.41 puWm™'K"? (at 320 K) which is
enhanced by 3.1 times of un-doped In,Tes thin films.

4.3.5 Sb doped In;Te; thin films

Structural properties composition:
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Figure 4.18 XRD patterns of Sb doped In,Te; thin films deposited at 423 K substrate

temperature.

The XRD patterns of Sb doped In>Te; films are depicted in figure 4.18. Sb-1 films are
exhibiting mixed phase of cubic In,Te; and hexagonal Te. Further increase in Sb doping
percentage leads to formation of an additional phase of tetragonal InTe. The Sb doped
InyTes films show no improvement in crystallinity and in addition to this, an increase
in intensity of free tellurium peak is reflected in XRD. The calculated lattice parameter

along the commonly exhibited peak of In,Tes (4 4 0) is ~ 18.503 A.
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Figure 4.19 FESEM micrographs of Sb doped InzTes thin films.

Figure 4.19 shows the surface morphology of Sb doped In.Tes films. The FESEM
images revealed that the grain size of Sb-1 films is increased compared with un-doped
InyTe; films. For Sb-2 films, the re-orientation of grains can be seen which may be due
to formation of additional InTe phase. Further, an increase in Sb doping percentage
increases the grain size of In,Tes films. The EDAX analysis revealed that the presence
of Sb doping percentage in samples are almost matching with an added percentage in
source material. The In percentage found to be decreased with an increase in Sb
concentration. The elemental composition of the Sb doped In>Te; films is given in table
4.6. The elemental mapping of Sb-1 films is given in figure 4.20 which indicates the
uniform distribution of elements throughout the film surface. Similarly, elemental
mapping of other dopant doped films is also showing uniform distribution at different

concentrations at different dopants.
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Table 4.6. Elemental composition of Sb doped In,Tes films

Sample names Dopant conc. Film Composition ( at%.)
(%) in source Sb In Te
Sb-1 1% 1.0 47.9 51.1
Sb-2 3% 3.0 45.5 51.5
Sb-3 5% 4.4 43.7 51.9
Sb-4 7% 7.0 42.5 50.5

InLa1 SbLa1

TelLal

Figure 4.20 Representative elemental of mapping to uniform distribution of dopants
(Sb-1 films).
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Thermoelectric properties:
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Figure 4.21 (a). Thermo emf as a function of temperature difference, (b). Plot of
thermoelectric power versus hot end temperature, (¢). Electrical conductivity as

function of inverse temperature and (d). Variation of power factor with temperature, of

Sb doped Inx>Te;s films.

Figure 4.21(a) represents the thermo emf generation of Sb doped In.Tes films with
temperature difference. The thermo emf of the films is increasing with an increase in
temperature difference. The positive values of thermo emf indicates the p-type
conductivity of Sb doped In;Tes films. Figure 4.21(b) shows the variation in seebeck
coefficient of Sb doped In;Tes films with temperature. Both thermo emf and seebeck

coefficient are maximum for Sb-1 films and further increase in Sb doping percentage
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results in a decrease of thermo emf and seebeck coefficient. As a part of structural
changes, the formation of InTe phase and increase in free Te phase may be the cause
for decrease in seebeck coefficient of Sb-2, Sb-3 and Sb-4 films. Similar type of
observation was also seen in case of pure InoTe; films. However, the seebeck coefficient
of Sb-1 films is ~ 477 pVK! (at 320 K). In this investigation, it is observed that seebeck
coefficient of Sb-1 films is maximum compared with all doped and un-doped In>Te;3

films.

The variation in electrical conductivity with inverse temperature of Sb doped In>Te;3
films is depicted in figure 4.21(c). The electrical conductivity of Sb doped In,Tes films
is found to be decreased up to Sb-2 films and further increase in Sb doping leads to an
increase in electrical conductivity. The changes in conductivity with Sb doping
percentage seems to be a cause of changes in grain orientation as seen in figure 4.19.
However, the maximum electrical conductivity is showed by Sb-4 films which is ~ 2.24
Q'em!. The maximum power factor is observed for Sb-1 films and further increase in
doping percentage leads to decrease in power factor. Furthermore, the power factor of

Sb-1 films is improved by 8.9 times compared to that of un-doped In>Tes films.

4.3.5 Se doped In;Te3 thin films
Structural properties and composition:

The phase configurations and crystal structure of the films are confirmed using XRD
patterns. The XRD patterns of Se doped In,Tes films are polycrystalline in nature which
are shown in figure 4.22. Se doped In;Tes films are exhibiting a free Te phase in
addition with In;Tes phase. All Se doped films are preferentially oriented along the
InxTes (4 4 0) plane. The peak intensity of In;Tes (5 3 1) is gradually decreased and Te
peak (1 0 0) is identified at 20 = 23.2°. Peaks corresponding to Se phase are absent in
XRD patterns. The lattice parameters of Se doped In;Tes films are estimated using
InyTes (4 4 0) peak which is a commonly presented peak in all films. There is no peak
shift in Se doped films and the estimated lattice parameter is 18.503 A which matches
well with that of un-doped In>Te; films.
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Figure 4.22 XRD patterns of Se doped In;Tes thin films deposited at 423 K substrate

temperature.

Figure 4.23 FESEM micrographs of Se doped In>Tes thin films.
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Figure 4.23 shows the FESEM micrographs of Se doped In>Tes thin films. The surface
morphology of Se doped In>Tes is granular and grains are uniformly distributed in Se-
1 and Se-2 films, further increase in Se percentage resulted in the non-uniform
distribution of grains and deterioration of film quality. To determine the elemental
composition of the films, Se doped In,Te; films are subjected to EDAX analysis. Table
4.7 reveals the elemental composition of Se doped In;Tes films. The amount of Se
present in the film is relatively less than that of taken percentage for deposition. This
might be due to the higher vapor pressure of Se than that of both Te and In (Se>Te>In).

Hence Se might be re-evaporated from the substrate.

Table 4.7 Elemental composition of Se doped In;Tes thin films

Sample names Dopant conc. Film Composition ( at%.)
(%) in source Se In Te
Se-1 1% 0.2 48.0 51.8
Se-2 3% 0.4 46.7 52.9
Se-3 5% 0.5 46.6 52.9
Se-4 7% 1.4 45.0 53.6

Thermoelectric properties:

Figure 4.24 (a) shows the generation of thermo emf with respect to temperature
difference of Se doped In>Te; thin films. The thermo emf is linearly increasing with
temperature difference. The positive slope of figure 4.24 is an indication of p-type
conductivity of Se doped In,Tes films. Thermo emf has shown an increasing trend with
Se doping up to Se-2 and further increase in Se percentage resulted a marginal decrease
in thermo emf which might be due to the diminished quality of films as mentioned in

morphological studies.
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Figure 4.24 (a). Thermo emf as a function of temperature difference and (b). Plot of
thermoelectric power versus hot end temperature, (c). variation in electrical
conductivity with of inverse temperature and (d). Power factor versus temperature plot,

of Se doped In;Te; films.

Figure 4.24 (c) shows the temperature dependence of thermoelectric power for Se
doped In;Tes films. The rate of change of thermoelectric power with respect to
temperature is drastically decreased below 320 K and further reached the saturation in
the investigated range of temperature. The maximum thermoelectric power is observed
in Se-2 which shows ~350 pVK-! at 320 K. Figure 4. 24 (c) shows the variation in
electrical conductivity with temperature of Se doped InzTes thin films. The exponential
decrease of the conductivity with an inverse temperature is an indication of

semiconductor behaviour. The electrical conductivity of Se doped In.Te; films is
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increased with an increase in Se percentage up to Se-2, further increase in Se percentage
resulted a marginal decrease in electrical conductivity which might be due to electrons
scattering at the defects of Se-3 and Se-4 films (Figure 4.23). The power factor as a
function of temperature for Se doped InzTes films is depicted in figure 4.24 (d) which
shows the linear increase of power factor with respect to the temperature. Since the
power factor depends on thermoelectric power and electrical conductivity, the
maximum power factor is attained by Se-2 films. The maximum power factor of Se
doped films is 68.8 uWm'K? at 320 K for Se-2 sample. Impressively, in this
investigation it is observed that the power factor of Se-2 films is enhanced by 14 times
of un-doped Inz>Te; films which is maximum compared with any other dopants used in

this study.

4.3.6 Te doped In,Te; thin films

Structural properties composition:

S —— Te-4
< ™ —~ — o~ — Te-
= <o s ®o5doa Te-3
o & = Su3e o |—Te2
~ N ~ © T L™ ™ _Te'1
o o 0 o 00 =
= £ AR RN o |—— Undoped
B S c £ c =
! = R L
’T :
=)
©
g s W, A
2
2}
c - A
Q
wiud
c
W . ——
e L :
—T Y T T ]

20 25 30 35 40 45 50 55 60 65
2 theta (degree)

Figure 4.25 XRD patterns of Te doped In,Tes thin films deposited at 423 K.
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XRD patterns are employed in order to confirm the phase contribution of Te doped
InyTes films shown in figure 4.25. XRD patterns revealed that the Te doped InoTes films
have an additional Te phase along and very minor contribution of InTe phase along
with In;Tes phase. The films namely Te-1 and Te-2 are preferentially oriented along
InxTes (4 4 0) plane. Further increase in Te percentage results in peak shift of InoTes (4
4 0) towards higher 20 side which is an indication of distortion in the lattice. The peak
intensity of In;Tes (5 3 1) is gradually reduced and disappeared in Te-3 and Te-4
diffraction patterns. The lattice constants of the films are estimated along In,Tes (4 4 0)
peak and value is 18.503 A for Te-1 and Te-2, whereas 18.3225 A for both Te-3 and
Te-4 films.

Figure 4.26 FESEM micrographs of Te doped In,Te;s thin films.

The FESEM images of Te doped In;Tes films are presented in figure 4.26. The Te
doped In,Te; films have shown a distinct surface structure at different Te percentages.
The Te-1 film depicts flake like structure and Te-2 is having the combination of both

flakes and grains. Further increase in Te percentage changes the complete grain
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morphology which can be seen in both Te-3 and Te-4 films FESEM images. The EDAX
analysis has been used for composition confirmation and values are tabulated in table

4.8.

Table 4.8 Elemental composition of Te doped In2Te; thin films

Sample names Dopant conc. Film Composition ( at%.)
(%) in source In Te

Te-1 1% 45.3 54.7

Te-2 3% 44.7 553

Te-3 5% 43.7 56.3

Te-4 7% 42.4 57.6

Thermoelectric properties:

The variation in thermo emf of Te doped In;Tes films with temperature difference is
plotted in figure 4.27(a). The positive thermo emf values indicate p-type conductivity
of Te doped In,Tes films. The Te doped InoTes films are showing same thermo emf
generation with temperature difference having a marginal change of + 2 mV. Figure
4.27(b) is a typical plot of thermoelectric power versus temperature of Te doped InoTes
films. The thermoelectric power of Te-1 and Te-2 films is almost independent of
temperature whereas, Te-3 and Te-4 films are showing an increasing trend of
thermoelectric power at lower temperature (<350 K) and reached saturation at higher
temperatures. The variation in thermoelectric power with temperature of Te-3 and Te-
4 is contrary to the Te-1 and Te-2 which might be due to the peak shift as shown in
XRD patterns (Figure 4.25). However, the maximum thermoelectric power of ~303

uVK-! is shown by the Te-2 films at 320 K.
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Figure 4.27 (a). The plot of thermo emf versus temperature difference, (b). Plot of
thermoelectric power versus hot end temperature, (¢). Electrical conductivity as

function of inverse temperature and (d). Variation of power factor with temperature, of

Te doped In2Te; films.

Figure 4.27 (c) represents the variation in electrical conductivity of Te doped In.Tes
films with inverse temperature. The electrical conductivity of Te doped films is
increased with an increase in Te percentage up to Te-3 and decreased for Te-4 films.
This decrease might be due to the increased grain boundaries as seen in surface
morphology of Te-4 films. Figure 4.27 (d) shows the power factor of Te doped In>Te;s
films as a function of temperature. The power factor versus temperature of Te-3 and
Te-4 films are showing distinct variation compared with Te-1 and Te-2 plots which
might be due to the peak shift caused by higher doping percentage. The Te doped films
show the maximum power factor of 207.8 uWm'K? at 450 K for Te-3 sample.
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However, Te-2 films show the maximum power factor of 38.89 uWm™'K2 at 320 K.
Moreover, the power factor of Te-2 films is improved by 7.4 times of un-doped In,Te;3

films.

4.4 Thermoelectric properties of InTe thin films
4.4.1 Growth conditions and optimisation

The thermoelectric properties of InTe films are verified by depositing them at different
substrate temperatures ranging from 298 K to 473 K on soda lime glass substrates using
thermal evaporation method. Prior to the deposition, the glass substrates were cleaned
using chromic acid, liquid detergent and ultra-sonicated with acetone which removes
the impurities on the surface of glass slides. An aluminium foil was used as a mask to
maintain length to width ratio of the film at 5.5. The distance between the substrate to
source was fixed to 11 cm. A 100 A molybdenum boat was used to evaporate the
99.999% pure InTe precursor material. The vacuum inside the deposition chamber was
maintained at ~ 5x107 torr. The seebeck coefficient of as-deposited InTe films was
measured in the temperature range from 298 K to 465 K, but these films are not showing
thermoelectric behaviour. Hence, as-deposited films were subjected to annealing
treatment at 523 K for 1h and investigated thermoelectric properties. The electrical
properties of prepared films are investigated in the temperature range from 298 K to

465 K.

4.4.2 Structural and thermoelectric properties of InTe films
Structural properties and composition:

The InTe films deposited at 298 K, 373 K, 423 K and 473 K are annealed at 523 K for
1 h. Aforementioned in chapter 3, the InTe films annealed at 523 K for 1h are mono-
phased, polycrystalline and are exhibiting tetragonal InTe phase irrespective of applied
substrate temperature (Figure 3.12). All these annealed films are preferentially oriented

along InTe (2 0 2) plane. The estimated lattice parameters of annealed films are

a=b=8.4363 A and ¢=7.1129 A which matches well with standard data. The FESEM
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images (Figure 3.13) of these films show different morphology at different substrate
temperatures. The InTe deposited at 298 K are showing flake like morphology with
porous top layer, 373 K deposited films represents the annihilation of flakes portions
and further increase in substrate temperature resulted in the grain formation with un-
clear grain boundaries. Whereas InTe films deposited at 473 K shows uniform
distribution of grains throughout the surface. The EDAX analysis of these films
revealed that the films are nearly stoichiometric with In of 49.60 + 0.40 at % and Te of
50.50 +0.45 at % (Table 3.5).

Thermoelectric properties:
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Figure 4.28 (a). Thermo emf as a function of temperature difference, (b). Variation in
thermoelectric power with temperature, (¢). Temperature dependent conductivity and
(d). Power factor as a function of temperature of InTe films deposited at different

substrate temperature and annealed at 523 K for 1 h.
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Figure 4.28(a) shows the variation in thermo emf of InTe films with temperature
difference. The thermo emf of InTe films is linearly increased with an increase in
temperature difference. The positive values of thermo emf indicate the p-type
conductivity of annealed InTe films. The thermo emf values of InTe films deposited at
298 K and 373 K are almost same. Further, increase in substrate temperature leads in
decrease of thermo emf generation up to 423 K deposited films and increased for 473
K deposited InTe films. Figure 4.28 (b) shows the thermoelectric power as a function
of temperature. The thermoelectric power of InTe films is decreasing with an increase
in substrate temperature up to 423 K and increased for 473 K deposited InTe films.
These changes in thermo emf and thermoelectric power of InTe films may be due to
the changes in structure as discussed based on FESEM images. However, the InTe films

deposited at 298 K are showing higher thermoelectric power of 70.71 uVK! at 320 K.

The electrical conductivity as a function of inverse temperature of InTe films is depicted
in figure 4.28 (c). As substrate temperature increases, the electrical conductivity of InTe
films found to be decreased whereas, conductivity plots of InTe films deposited at 373
K and 423 K substrate temperature are merging at temperatures below 400 K and
deviated at higher temperatures. Figure 4.28 (d) shows the variation in power factor as
a function of temperature. Since the power factor is strong function of thermoelectric
power and electrical conductivity, the InTe films deposited at 273 K and annealed at
523 K for 1 h are showing higher power factor which is around 15.25 pWm'K-2 at 320
K. Films deposited at substrate and annealing temperatures above 523 K were not
studied in detailed as the characteristics did not lead of an improvement in the

thermoelectric behavior of the films.

The effect of doping indium telluride films with various materials has been investigated
in detail. Dopant atoms replace either of the elements in the compound depending on
the valance of the dopant, the size of the ions interacting and the energies of such a
replacement. This will lead to changes in the elemental, structural and thermoelectric
properties of the films. Doping also results in the modification of the grain structure
which in turn seriously affect the electrical conductivity of the films. Addition of dopant
atoms may lead to an increase in electrical conductivity if the process results in the

contribution of additional electrons or by way of changing the total grain boundary area.
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Alternatively, the effect of the dopant may lead to addition of imperfections which
might lead to a decrease in conductivity of the films. It is a considerable effect to
analysis the effect in detail with the help of relevant experimental procedure to study

the microstructure, conductivity, structure etc in detail.

Comprehensively, the doping of Bi, SbaTes, Al, Sb, Se and Te to In,Te; films resulted
in the structural modifications such as involvement of additional phases, change in
preferred orientation, peak shift, increase in grain area and grain size and change in
grain orientation. These structural changes caused by dopants significantly affected the
seebeck coefficient (or thermoelectric power) whereas marginally influenced the
electrical conductivity of InoTe; films. However, among all dopants, SboTes; has shown
more improvement in electrical conductivity (0.88 Q'cm™! to 8.47 Q'cm™') whereas Sb
doping significantly enhanced the seebeck coefficient of un-doped InoTes films from
237 uVK-! to 477 uVK-! for 0.99 % of Sb doped In,Tes films (Sb-1) at 320 K. Finally,
the product of seebeck coefficient and electrical conductivity is more for Se doped films

(Se-2) which enhances the power factor of un-doped In,Tes films by 14 times.
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CHAPTER 5

Si-In2Tes AND Si-InTe THIN FILM HETEROJUNCTIONS

Overview:

This chapters describes a brief and conceptual importance of device building blocks,
fabrication and temperature dependent I-V characteristics of both Si-In:Tes and Si-
InTe heterojunction thin films. To define the performance of indium telluride
heterojunction with Si, the interface properties such as rectification ratio, ideality

factor and barrier height are estimated and reported.

5.1 Introduction

To implement any semiconductor in to a device, the interface properties has to be
understood. There are four types of interfaces namely metal-semiconductor, metal
oxide semiconductor, homo-junctions and heterojunction which in turn called as
building blocks of solid-state devices. Metal-semiconductor interface is a familiar type
which can be a rectifying contact or as ohmic contact. The rectifying contact controls
the electric current flow in one direction whereas, the ohmic contact passes the current
in either direction with negligible voltage drop across the interface. The metal oxide
semiconductor structure is a combination of a metal-oxide and oxide-semiconductor
interface. This structure is largely used as the gate in MOSFET which is a potential
device for advanced integrated circuits. The homo-junction is an interface between two
similar semiconductors with same band gap and having different doping profiles. In
most of the practical applications, the homo-junction is made between p-type (acceptor
doped) and n-type (donor doped) semiconductors such as Si. These homo junctions are
widely used in p-n-p bipolar transistors and p-n-p-n switching devices like thyristor.
The final type of interface is heterojunction, which is an interface formed between two
dissimilar semiconductors. Heterojunctions are more efficient to pump carriers, hence

they became key components for high-speed and photonic devices.
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In order to utilize indium telluride in any solid-state devices, the electrical properties of
interface have to be understood which can ensure the device performance.
Aforementioned in literature survey, Dawar et al. (1982) are first to study the silver-
sapphire-In,Te; thin films (Metal oxide semiconductor) and investigated the field effect
transistor (FET) properties. Rousina and Shivakumar (1988 and 1989) investigated the
interface properties of Al/AlOs/n-InTe/Bi sandwich structures (metal-insulator-
semiconductor) and Ni/p-InTe (metal-semiconductor) thin films. Desai et al. (2011)
reported the interface properties of Al/p-In;Tes (metal-semiconductors) thin films.
Most of the authors reported either metal-semiconductor or metal oxide semiconductor
properties of indium telluride films. Since the heterojunctions are playing an efficient
role in high speed solid state device applications which includes solar cells, transistors
and semiconductor lasers, it is interesting to investigate the interface electrical
properties of indium telluride heterojunction with other semiconductors. Hence to
ensure the performance of indium telluride in interfaces of solid state devices, this
chapter reports the interface properties such as ideality factor, barrier height and
rectification ratio of n-Si/p-In,Tes and n-Si/p-InTe junctions using the temperature

dependent I-V characteristic curves.

5.2 Si-In;Tes heterojunction
5.2.1 Optimisation of growth conditions

The p-type In2Tes thin films were thermally deposited on n-type Si (1 0 0) (Cubic
crystalline with a ~ 5.4037 A, and p~10"" Q cm) substrates using vacuum coating
system. Prior to deposition, the Si wafers were thoroughly cleaned using diluted HF
(1% concentration) which removes the oxide layer on the surface. The dimension of Si
substrate was 0.05 cm x 1.5 cm x 1 cm (thickness x length x width), whereas the
dimension of In,Tes thin film on Si was maintained to 350 x 107 cm x 0.5 cm x 0.5 cm.
The distance between evaporation source to substrate was maintained at 12 cm and
deposition was carried out under the base pressure ~ 5x10 torr. A molybdenum boat

(200 A) was used to evaporate 99.999 % pure In,Tes pellets. The substrate temperature
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and annealing temperature of the films were varied from 298 K to 473 K and 373 K to
573 K, respectively. To make the electrical contacts to Si-In;Tes heterojunction Ag
(99.999 % pure) and Al (99.9995 % pure) were deposited on the heterojunction using
thermal evaporation method. A computer-interfaced Keithley source meter (model-
2400) was used for I-V measurements. The I-V characteristics of these heterojunction
were measured in voltage range of +5V to -5V at different temperatures ranging from

303 K to 373 K. The pattern of the fabricated heterojunction is illustrated in figure 5.1.

p-In,Tes/p-InTe

n-Si

Figure 5.1 Illustration of fabricated Si-InoTe;3 or Si-InTe heterojunction structure.

5.2.2 I-V-T characteristics of Si-In2Tesz heterojunction

To study the interface properties of n-Si/p-InzTes thin films, the films grown at 423 K
and annealed films at 423 K for 1h were used. The substrate and annealing temperature
of the films were optimised based on the quality and adhesion of the films on Si
substrates. Beyond 423 K substrate temperature or 423 K annealing treatment, the films
were found to be peeling off from the substrates due to large difference in lattice

parameters (for In,Tes films a ~ 18.4860 A and for Si a ~ 5.4037 A).

Table 5.1 Compositional analysis of InoTes thin films on Si wafer

Elemental composition (at %)
Sample conditions In Te
As-deposited films at 423 K 45.0 55.0
Deposited at 423 K and annealed at 44.8 55.2
423 K for 1h
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The interface properties of a material mainly depend on composition and structure.
Hence, the prepared samples are subjected to both EDAX and XRD analysis. The
EDAX revealed that the elemental composition of both as-deposited at 423 K and
annealed at 423 K films are indium rich when compared with stoichiometric condition
(In/Te: 2/3). The composition of both as-deposited and annealed films are summarised

in table 5.1.
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Figure 5.2. XRD patterns of n-Si/p-In;Tes thin films.
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Figure 5.2 shows the XRD patterns of n-Si/p-InoTe; thin films. The XRD patterns of
prepared junctions reveal the polycrystalline nature with prominent peak of Si (4 0 0).
The peaks belong to cubic In;Tes are low in intensity compared with Si peaks which
are indicated in figure 5.2 (b) and figure 5.2 (c). The XRD pattern of both as-deposited
films at 423 K and post-annealed films at 423 K for 1 h are showing two peaks (4 4 0)
and (9 7 5) corresponding to In,Tes material. The diffraction patterns of the films are
indexed using cubic InoTe; (JCPDS No. 00-033-1488) and Si (JCPDS No. 00-005-
0565) standard data. A peak shift is observed at 20 of 27.28° to 27.70° in XRD patterns
of both as-deposited and annealed films which might be due to the large difference in
substrate to film lattice constants. The estimated lattice parameter of In,Tes films is

calculated using equation 2.5 and found to be 18.2150 A.

Figure 5.3 FESEM images of n-Si/p-In2Te;s thin film.

Figure 5.3 show the surface morphology of the Si/InoTes thin films. The FESEM images
show the granular arrangement of InoTes on Si substrate. The grains are non-uniformly
distributed in as-deposited films whereas, almost uniformly distributed in annealed
films. The inter-grain gaps are originated among the grains of annealed films which
were limited to top layer of the surface. Hence the continuity of films does not affect
because of enough thickness (~ 350 nm) of the In,Tes films which contains many

atomic layers.

There are many techniques proposed by many researchers to estimate the interface
properties such as ideality factor (n), rectification ratio (RR), barrier height (¢g).

Among those the temperature dependent I-V characteristics is a simple and efficient
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method. The I-V characteristics of both as-deposited and annealed samples are taken at
temperature varying from 303 K to 373 K. The temperature dependent I-V curves of n-
Si/p-In2Tes junctions are depicted in figure 5.4 which are representing the typical
rectification nature. Rectification ratio is the ratio between forward and reverse bias
current at particular voltage which determines the efficiency of p-n junction to direct
the current in one direction. The rectification ratio of Si/InoTes diodes are determined
at different voltages (0.5, =1, £2, £3, +4 and +5 at room temperature) and the values
are tabulated in table 5.2. The as-deposited Si/In;Tes; diode is showing higher
rectification ratio compared with annealed films. The higher RR of as-deposited
Si/In;Te; diode is 61.2 at £5 V. The series resistance of the Si/In;Te; diodes are
calculated from the linear portion of forward bias in higher voltage region which is
found in the order of KQ (0.82 — 0.75 KQ for as-deposited films and 0.50 — 0.55 KQ

for annealed films).
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Figure 5.4 I-V-T curve of n-Si/p-In2Tes thin films.

Table 5.2 Rectification ratio of as-deposited and annealed Si/InoTe; heterojunction

Sample condition | Rectification ratio

Voltage — +05 |£1 |[£2 +3 +4 +5
As-deposited at 423 K 1.11 1.65 | 11.35 | 25.27 | 46.46 | 61.20
Annealed at 423 Kfor 1 h 1.00 1.38 | 7.43 | 13.69 | 29.33 | 39.09
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Figure 5.5 In (I) versus voltage curve in forward bias at room temperature.

Ideality factor is an important parameter to define the uniformity of the diode in terms
of deviation from unity (for ideal diode ideality factor n =1). To calculate the 1, In(I)
as a function of voltage is depicted based on the equation (2.8) which is shown in figure
5.5. In both as-deposited and annealed diodes, two distinct slopes can be observed,
below 0.1 V and beyond 0.1 V. For as-deposited films, below 0.1 V, the ideality factor
N=2 indicating that the dominant conduction is due to trap-assisted generation-
recombination current in the depletion region. Beyond 0.1 V, the n>2 represents the
conduction due to high injection or inhomogenies induced current. Whereas in annealed
diodes, n=2 at voltage range below 0.1 V and n>2 which is combination of different
conduction mechanisms as mentioned above. However, decrease in the ideality factor
from as-deposited to annealed films is indicating that the annealing treatment is useful
to reduce the voltage drop across the junction. In addition to this the presence of two
different slopes in In(I) versus V plots indicates the possibility of other mechanisms in
addition to thermionic conduction. Hence, I versus V2 graph is plotted to check the
scope of space charge limited conduction (SCLC) mechanism (I = (AV2N, peoer /
8L°Ny) exp(-Ev/kT), hence, I a. V?). Figure 5.6 shows the representative plots of current
versus V2 at room temperature. The linear nature of these plots confirm the SCLC

mechanism involved in the interface of Si and In,Tes junction.
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Figure 5.7 Richardson plot of Si-In>Tes junction.

Figure 5.7 shows the Richardson plots of Si-InoTes junction for both as-deposited and
annealed samples. The reverse saturation current (I;) is estimated from the temperature
dependent I-V plots and those values are used in Richardson plots. The barrier height
offered by n-Si/p-In,Tes junction are determined from the slopes of figure 5.7 using
equation 2.9. The barrier height of junction is found to be marginally increased by

annealing treatment. The estimated barrier height of as-deposited films is 0.11 eV
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whereas, 0.16 eV for annealed films at 423 K for 1h. However, the low values of (0.11
and 0.16 eV) barrier heights of both as-deposited and annealed Si/In,Te; allow for easy

carrier transport across the barrier.

5.3 Si-InTe heterojunction
5.3.1 Optimisation of growth conditions

The p-type InTe thin films were deposited on n-type Si (1 0 0) (Cubic crystalline with
a ~ 5.4037 A, and p~10"' Q cm) substrates using thermal evaporation method. The
distance between evaporation source to substrate was fixed to 11 cm and deposition
was carried out under the vacuum ~ 5x107 torr. The pre-deposited Si substrates were
cleaned with diluted HF (1% concentration) to remove the oxide layer on the surface.
The Si substrate were used in the dimension of 0.05 cm x 1.5 cm x 1 c¢m (thickness x
length x width), whereas the InTe thin film coated on Si in the dimension of 300 x 10~
cm x 0.5 cm x 0.5 cm. A molybdenum boat (100 A) was used for evaporation and 52
A of current was passed through the boat to evaporate 99.999 % pure InTe pellets. The
substrate temperature and annealing temperature of the films were varied from 298 K
to 473 K and 373 K to 573 K, respectively. The electrical contacts, Ag (99.999 % pure)
and Al (99.9995 % pure) were thermally deposited on Si/InTe heterojunction using
thermal evaporation method. A computer interfaced Keithley source mater (model-
2400) was used for I-V measurements. The I-V characteristics of these heterojunction
were measured in voltage range of +5V to -5V at different temperatures ranging from

303 Kto373 K.

5.3.2 I-V-T characteristics of Si-InTe heterojunction

In order to grow InTe films on Si wafers, different substrate temperatures are applied
ranging from 298 K to 523 K. It is observed that the films are peeling off from the
substrate beyond 473 K. Hence the InTe films deposited at 473 K and annealed at 473

K for 1 h are used to study the junction properties.
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The EDAX analysis revealed that indium composition decreases with annealing
treatment. As-deposited InTe films on Si substrate are indium rich whereas, annealed
films are nearly stoichiometric compared with stoichiometric ratio (In/Te =1). The

composition of both as-deposited and annealed films are given in table 5.3.

Table 5.3 Compositional analysis of InTe thin films on Si wafer

Sample conditions Elemental composition (at %)
In Te
As-deposited films at 473 K 54.8 45.2
Deposited at 473 K and annealed at 473 K 51.1 48.9
for 1h
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Figure 5.8. XRD patterns of (a). As-deposited at 473 K and (b). Annealed at 473 K
for 1 h, n-Si/p-InTe thin films.

To verify the phase composition of Si/InTe films, the prepared films are subjected to
XRD analysis. Figure 5.8 show the XRD patterns of both as-deposited (at 473 K) and
annealed Si/InTe films. Both as-deposited and annealed films are polycrystalline in
nature and predominantly oriented along Si (4 0 0) direction which can be seen in
inserted figures in figure 5.8 (a) and (b). The peaks regarding cubic In,Tes; and
tetragonal InTe are found at lower intensities. Both as-deposited and annealed films are

exhibiting the mixed phase of In;Tes and InTe with (4 4 0), (5 3 1) planes from In>Te;3
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and (202),(310),(321),(400),(213),(330) planes from InTe. The peak intensity

of InTe phase is increased in annealed films when compared with as-deposited films.

Figure 5.9 FESEM images of n-Si/p-InTe thin film.

Figure 5.9 show the FESEM micrographs of as-deposited and annealed Si/InTe
heterojunctions. Both as-deposited and annealed samples are showing granular
structure and grains are uniformly distributed throughout the surface. In annealed
samples few inter-grain gaps are appearing which might be due to annealing treatment.

Since the InTe film thickness is ~ 350 nm, the inter-grain gaps are not affecting the film

continuity.
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Figure 5.10 Temperature dependent I-V curve of (a). as-deposited and (b). annealed n-
Si/p-InTe thin films.
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Figure 5.10 show the I-V characteristic curves of both as deposited and annealed
Si/InTe heterojunction. The rectification behaviour of Si/InTe heterojunction can be
seen in figure 5.10. The rectification ratio of Si/InTe diodes are determined at different
voltages ranging from +£0.5 V to +3V and values are tabulated in table 5.4. The Si/InTe
heterojunction prepared at 473 K substrate temperature and annealed at 473 K for 1 h
shown higher rectification ratio of 3.85 at = 3 V, compared with as-deposited Si/InTe
junction prepared at 473 K substrate temperature. The series resistance of the
heterojunctions is estimated from the linear portion of forward bias I-V curves and

found to be in 72-22 KQ for both as-deposited and annealed samples.

Table 5.4 Rectification ratio of as-deposited and annealed Si/InTe heterojunction

Sample condition | Rectification ratio
Voltage — +05 |[£1 |2 +3
As-deposited at 473 K 0.09 0.25 1029 |0.37
Annealed at 473 Kfor 1 h 1.6 3.11 | 6.28 | 3.85
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Figure 5.11 In (I) versus voltage curve of (a). as-deposited at 473 K and (b). annealed

at 473 K for 1 h in forward bias at room temperature.

To analyse the conduction mechanism involved in the Si/InTe heterojunction, In(I)
versus voltage plot is depicted as shown in figure 5.11. The ideality factor can be
estimate from the slope of figure 5.11 using equation 2.8. The junction prepared at 473

K substrate temperature is showing two different slopes. Aforementioned, n=1 is an
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indication of ideal diode nature and m changes from 1 to 2 if the density of
recombination increases. N=2 is an indication of trap-assisted recombination and n>2
represents the high injection current. The Si/InTe junction prepared at 473 K substrate
temperature are showing n=1.8 at the voltage below 0.15 V and n=4.2 in the voltage
range above 0.15 V, whereas the junction annealed at 473 K are showing n=1.6 below
0.2 V and n=2.4 above 0.2 V. In order to verify the presence of space charge limited
conduction mechanism (SCLC), the current plotted as a function of square of voltage
using the proportionality relation between I and V? in SCLC. Figure 5.12 shows the
current as a function of V2 in forward bias which is linear in nature and confirms the

presence of SCLC in addition to thermionic emission.
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Figure 5.12 Current as a function of square of voltage at (a) 303 K and (b) 373 K of
(a). As-deposited and (b). annealed Si/InTe diodes.

Figure 5.13 show the Richardson plot of Si-InTe heterojunction for both as-deposited
and annealed samples. The I-V plots are used to determine reverse saturation current
(Is) and those values are used in Richardson plots. The barrier height of n-Si/p-InTe
heterojunction are calculated from the slopes of figure 5.13 using equation 2.9. The
barrier height of heterojunction was found to be marginally increased by annealing
treatment. The barrier height of as-deposited Si/InTe junction is 0.10 eV whereas, 0.17

eV for annealed condition at 473 K for 1h. However, the Si/InoTes; heterojunction is
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showing the better rectification behaviour when compared with Si/InTe

heterojunctions.
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Figure 5.13 Richardson plot of (a). as-deposited at 473 K and (b). annealed at 473 K

for 1 h of Si-InTe junction.

104



CHAPTER 6

SUMMARY AND CONCLUSIONS

Overview:

This chapter deals with the summary of work reported in thesis and conclusions drawn

from results of investigations. Scope for the future work is also discussed.
6.1 Summary of the present work

The research work presented in this thesis is broadly classified into six chapters with
several sub-divisions in each chapter. The first chapter covers a brief introduction to
various topics namely thin film technology, III-VI compound semiconductor and
indium telluride thin films. The literature survey on indium telluride thin films, scope
and objectives of the work have been reported. In second chapter, the details of
experimental methods and characterisation techniques are mentioned. The third chapter
deals with the detailed information about preparation of stoichiometric InoTes and InTe
thin films using thermal evaporation method and also discussed about structural,
electrical and optical properties of these films. Fourth chapter describes about the
thermoelectric properties of un-doped, doped In,Tes and InTe thin films and fifth
chapter explains the junction properties of both n-Si/p-In;Te; and n-Si/p-InTe
heterojunctions. Finally, the sixth chapter contains the summary of work reported in

thesis and conclusions drawn from investigations.

6.2 Conclusions
6.2.1 Stoichiometric and mono-phased indium telluride thin films

In,Te; thin films:

The optimized annealing temperature to obtain pure, mono-phased and stoichiometric
In,Te; films was found to be 573 K for a duration of 1 h irrespective of applied substrate

temperature.
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. All prepared films were polycrystalline with cubic a-In,Te; structure. The grain

size of annealed films was found to increase with an increase in substrate
temperature.

The electrical properties of the films revealed the p-type conductivity which is
of the order of 10! Q'cm™! and thermal activation energy of the films was 0.01
£ 0.005 eV irrespective of substrate temperature.

The optical band gap of the films was 0.99 + 0.02 eV irrespective of applied
substrate temperature. In;Tes films have higher absorption coefficient of the
order of 10° cm™. The optical transmittance of the films was found to be 90%

in IR region.

InTe thin films:

The InTe films deposited at 473 K and annealed at 523 K for 1h were found to be

stoichiometric and mono-phased.

1.

The annealing of as-deposited films resulted in the structural transformation
from mixed phase of cubic In;Tes and tetragonal InTe to mono-phase of
tetragonal InTe.

The InTe films have p-type conductivity which is of the order of 10! Q! cm’!
and activation energy of these films was found to be 0.05+0.03 eV.

An optical band gap of the films was found to be decreased from 1.61 eV to
1.42 eV with an increase in the substrate temperature from 298 K to 473 K. The

absorption co-efficient of all the films was found in the order of 10 cm'!.

The electrical properties accompanied with optical properties of InoTes; and InTe

films makes them suitable for absorbent layer in photovoltaic cells.

6.2.2 Thermoelectric properties of indium telluride thin films

Un-doped In,Tej3 thin films:

The growth conditions to enhance the thermoelectric properties of InoTe; films were

done based on the maximum seebeck coefficient. In this study, the thermoelectric

properties of In;Tes films were investigated by tailoring the substrate temperature and
film thickness.
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1. At constant thickness of 350 nm, the thermoelectric power was maximum for
films deposited at 423 K substrate temperature and corresponding power factor
of these films was 4.93 pWm'K"! at 320 K and 24 pWm'K-! at 450 K.

2. At constant substrate temperature of 423 K, the power factor was found to
decrease with an increase in film thickness and films with 150 nm thickness

showed higher power factor of 27 pW m™! K2 at 450 K.

Doped In,Tej3 thin films:

The doping of InoTes brought many changes in the structural properties of films which

significantly affected the thermoelectric power and marginally influenced electrical

conductivity of prepared films.

1.

Bi doped In>Te;s films: Bi-2 films are showing maximum electrical conductivity of
3.72 Q' em!. The thermoelectric power and power factor of the films were
decreased with an increase in Bi percentage. Bi-1 films showed the maximum
power factor of 23.89 uWm™'K-? which was improved by 4.8 times of un-doped
InyTes films.

Sb>Tes doped In>Te;s films: The electrical conductivity of the films was marginally
decreased with an increase in doping concentration and maximum for SbyTes-1
films which was 8.47 Q'cm’'. As doping concentration increases, the
thermoelectric power and power factor of the films decreases. However, SbaTes-1
films showed maximum power factor of 60.04 pWm™'K-2 which was enhanced by
12.2 times of un-doped In,Tes films.

Sb>Tes alloyed In2Tes films: The electrical conductivity of these films gradually
increased with an increase in SbyTes percentage. The seebeck co-efficient and
power factor were found maximum for 25% of SbyTes alloyed InzTes films. The
power factor of 25% Sb,Te; alloyed In,Te; films was 58.57 pWm™'K-? which was
enhanced by 11.9 times of un-doped films.

Al doped In:Tes films: The electrical conductivity of Al doped films was found
maximum for Al-2 films which was 1.04 Q'cm™'. Higher seebeck coefficient and
power factor has been seen for Al-2 films. The power factor of Al-2 films was

15.41 pWm'K-2 which improved the power factor of In;Tes films by 3.1 times.
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5. Sb doped In:Tes films: The maximum electrical conductivity of Sb doped In2Te;3
films was found maximum for Sb-4 which was 2.24 Q'cm™'. The thermoelectric
power was more for Sb-1 films and further increase in Sb dopant percentage (Sb-
2, Sb-3, and Sb-4) resulted in a decrease of thermoelectric power. The maximum
thermoelectric power and power factor were observed for Sb-1films. The power
factor of Sb-1 films was 44 uWm™'K-2 which was improved by 8.9 times than that
of un-doped In>Te; films.

6. Se doped In>Tes films: The electrical conductivity of Se doped InoTe; films was
maximum for Se-2 films which was 5.57 Q'cm™!. The maximum thermoelectric
power was observed in Se-2 which showed ~350 pVK! at 320 K. Power factor of
Se-2 films was 68.8 uWm™'K2 and enhanced by 14 times of un-doped In,Te;3 films.

7. Te doped In:Tes films: The electrical conductivity of Te doped films was
maximum for Te-3 films which was 6.28 Q'cm™ at 320 K. The maximum
thermoelectric power and power factor were shown by Te-2 films. The power
factor of Te-2 films was 36.89 pWm™'K-2 which was 7.5 times greater than that of

un-doped In,Te; films.
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Figure 6.1 Statistics of improvement in power factor of doped InoTe; films.

Among all dopants, Se doping enhanced the power factor of InoTes films by
14 times which in turn was 4.7 times greater than SbyTes films (commercial

thermoelectric material) prepared at same growth conditions.

108



Thermoelectric properties of InTe thin films:

The thermoelectric power of InTe films was found maximum for the films
deposited at 298 K and annealed at 523 K for 1 h.

The electrical conductivity of InTe films increased with an increase substrate
temperature.

The maximum power factor shown by the films deposited at 473 K and annealed

at 523 K for 1 h was 15.25 uWm™'K2 at 320 K.

The InzTes films are showing good thermoelectric properties when compared with InTe

thin films.

6.2.3 Junction properties of Si-Indium telluride interface

n-Si/p-In,Te; heterojunction:

Si/In,Te; heterojunction was polycrystalline in nature with cubic InoTes peaks
at lower intensity compared with Si peaks.

The as-deposited Si/In;Tes diode prepared at 423 K substrate temperature is
showing higher rectification ratio of 61.2 at £5 V.

The series resistance of Si/InoTes diodes was found in the order of KQ.

The barrier height of junction was found to be marginally increased by
annealing treatment. The barrier height of as-deposited films at 423 K was 0.11
eV whereas, 0.16 eV for annealed films at 423 K for 1h.

n-Si/p-InTe heterojunction:

1.

Si/InTe heterojunctions were polycrystalline in nature and exhibited the mixed
phase of In,Te; and InTe.

The Si/InTe heterojunction prepared at 473 K substrate temperature and
annealed at 473 K for 1 h showed higher rectification ratio of 3.85 at + 3 V
compared with as-deposited Si/InTe junction prepared at 473 K substrate
temperature.

The series resistance of heterojunctions was found in the range of 72-22 KQ for

both as-deposited and annealed samples.

109



4. The barrier height of heterojunction was found to be marginally increased by
annealing treatment. The barrier height of as-deposited Si/InTe junction was

0.10 eV whereas, 0.17 eV for annealed films at 473 K for 1h.

The Si/InoTe; films are showing good rectification behaviour and device quality

compared with Si/InTe films.

6.3 Scope for future work

In this investigation, we proposed the optimization and characterization of both In,Tes
and InTe films up to the extent of device quality. Hence there is a scope to implement

these materials in solar cells and can check efficiency of those devices.

To make use of un-doped and doped In;Tes films in thermoelectric applications,
thermal conductivity is one of the impending factor along with power factor. Due to the
presence of stoichiometric defects in indium telluride, the thermal conductivity of these
films is expected to decrease in huge amount which in turn increase the figure of merit
of device. Hence conversion efficiency of the device can be estimated using the derived
values of power factor reported in this thesis as well as value of thermal conductivity.
In this investigation, we used thermal evaporation method to enhance thermoelectric
power. Other methods which can create more asymmetry in band structure can also be

utilised to enhance the seebeck coefficient.

In this investigation, we reported heterojunction properties of indium telluride thin
films with silicon which showed a moderate rectification ratio with low barrier heights.
Hence, there is scope to fabricate more effective heterojunctions of indium telluride

with other efficient n-type compound semiconductors.
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