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PREFACE

Solar energy, one of the largest sources of energy has the potential to replace
all other sources and the main principle behind it is photo voltaics. As a result of
concentrated research in this field, silicon and semiconductor based photovoltaic
cells have been developed. The optically transparent and simultaneously electrically
conducting nature of transparent conductors make them significant components in
solar cells. They are also applied in other contemporary devices such as smart
windows, LCD displays, heat reflecting mirrors, anti-static coatings and

electromagnetic shields, to name a few.

The fabrication and application of transparent conducting oxides (TCQOs) in
the field of optoelectronics has become increasingly significant over the past few
years due to the highly specific functional properties they possess. Significant
transparency together with a reduction in resistivity can be accomplished in thin
metallic films. By introducing electron degeneracy in wide band gap materials (Eg
> 3eV or more) these properties can be enhanced. This can be done by controllably
incorporating non-stoichiometry in the crystal lattice. A large number of techniques
are used for fabricating TCO thin films and optimizing film growth features. The
thermodynamic parameters have crucial influence on growth features and slight
variations can result in films with different physical properties. Thermodynamic
parameters include substrate temperature, distance of reacting species from the
substrate, oxygen partial pressures inside the chamber during growth of these films,

sputter power, nature of target etc.

The number of materials belonging to the category of TCO phase space is
mounting up very fast. Earlier only n-type materials were in use, but recent research
has resulted in p-type TCOs with good performance as well. This has led to the
practical realization of circuits that are optically transparent, simultaneously
maintaining electrical conductivity. This investigation covers the fabrication,
characterization and property studies of n-type and p-type transparent conducting
oxides - tin oxide and copper oxide respectively, in the TCO phase space. The



incorporation of Il group element indium into these materials and their property
variations have been investigated in detail. Optimisation of the fabrication
conditions of these materials using radio frequency magnetron sputtering method
have been discussed in detail. This thesis consists of seven chapters - a brief sketch

of the contents is as follows.

Chapter 1 contains a detailed discussion of prior literatures available on
TCOs and a general introduction to this field, along with the unique opto-electronic
properties of TCOs. The various kinds of TCOs in use and their major applications
are included, along with the specific objectives of this work. The various thin film
deposition techniques and the reason for selecting a sole method of fabrication
suitable for a definite application are explained in Chapter 2. The functional details
and thermodynamic parameters of radio frequency magnetron sputtering, used in

this investigation are discussed thoroughly.

Chapter 3 comprises of thin film properties and characterisation tools used
for the studies of the grown films. Various conventional and advanced techniques
were utilised for the structural, optical, electrical and morphological investigations
of the films. A brief discussion of the equipments used is also given. The working
chapters with a report of the original investigation and its outcome commences with
chapter 4. This includes the fabrication and studies on n-type SnO, thin films in the
first section and indium tin oxide (ITO) in the second. The influence of various
parameters like sputter power, nature of target and substrate, target to substrate
distance and substrate temperature on the growth and yield of sputtering have been

investigated.

The production and investigation of p-type conducting TCOs — copper (I1)
oxide and copper indium oxide are specified in Chapter 5. Structural studies were
conducted based on XRD and XPS results. Surface morphological analysis of the
films was conducted using SEM, AFM and optical profilometry. From the UV-
Visible spectral studies, the electronic transitions were determined and the band gap
of materials computed. TEM images give a clear illustration of the morphology of
the grains. The concentration of charge carriers, their mobility and resistivity values



of the films were found using Vander Paw method from Hall measurements of the
films. The influence of sputter power and substrate temperature on the electrical,
optical and morphological properties of the p-type TCOs are examined in this
chapter. To study the effect of target nature on the growth of CuO thin films, two
different targets were used: one using copper metal target under oxygen ambience

and another using CuO powder target under non-oxygen environment.

Chapter 6 illustrates the fabrication of all transparent p-n hetero junction
diodes at various sputter powers and substrate temperatures and optimisation of their
growth parameters. The current-voltage characteristics obtained using DC probe
station under visible light showed a low turn-on voltage of the hetero junction
diodes, less than one volt. The diodes exhibited rectifying nature and a high value
for ideality factors was obtained. Finally, chapter 7 provides a general conclusion of

the whole research along with recommendations for further works on this topic.
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CHAPTER 1
AN INTRODUCTION TO TRANSPARENT CONDUCTING OXIDES



Chapter 1 An Introduction to Transparent Conducting Oxides

1.1 Introduction

Transparent conducting oxides (TCOs) belong to a unique category of
materials that achieve high value of electrical conductivity, simultaneously retaining
a high transmittance of visible range of the electromagnetic spectrum. For high-
efficiency optoelectronic devices, electrical contacts with high electrical
conductivity are inevitable with the top contact having high optical transparency and
this requirement is met by TCOs. TCOs are being synthesised and technically
applied initially as oxides with single-cation such as binary oxides and recently, as
multi-cation oxides [1-6]. Currently, the fundamental understanding of structural
and physical behaviour of these highly important class of materials are being

investigated and new TCO phases are being discovered by researchers.

The first transparent and conducting material synthesised was reported in
1907 by K. Badeker [7]. He coated a thin layer of cadmium by sputtering and
annealed it in air. He found that the material coated on the interior walls of the glow
discharge tube, formed as a result of oxidation of cadmium, was electrically
conducting as well as optically transparent. The incompatibility of optical
transparency with electrical conductivity is the significant matter of research in the
field of transparent conductors. The simultaneous occurrence of these two properties
in the same material is conflicting, from band structure viewpoint. A transparent
material will usually be an insulator with completely occupied valence band and
unoccupied conduction band; whereas conductivity occurs when high carrier
concentration is provided by the Fermi level lying within an energy band having
large density of states. These desirable properties are attained in several oxides in
their pristine form- indium (I11) oxide (In,03), tin (IV) oxide (SnO,), zinc (I1) oxide
(Zn0O) and cadmium (IV) oxide (CdO).

TCOs have been prepared from a wide variety of materials. Metal oxides are
considered as better candidates for transparent conductors because of their better
stability at all temperatures, cost effectiveness and improved opto-electronic
characteristics. Oxides of zinc, tin, cadmium, indium and gallium are generally

established as architectural constituents of transparent conducting electrodes when
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mixed together or doped with other metal oxides. Currently, the materials in wide
use are tin doped indium oxide - In,03:Sn (known as ITO), fluorine doped tin oxide
- SnO,:F (known as FTO), aluminum doped zinc oxide - ZnO:Al (known as AZO)
etc [8-10]. Recently, binary cation materials like CdSnO3, ZnSnO3, Zn,SnO,4 [11-13]
and ternary cation TCOs like InGaO3(ZnO)s , InGaZnO, [14,15] also are in use,
which exhibit n-type electrical conductivity. These materials use defect energy
levels created by extrinsic dopants to produce n-type conductivity.

Band gap of a material has significant role in its light absorption property. In
the pristine state, they exist as insulators with an optical band gap of about 3 eV. In
order to make them good TCOs, these materials can be doped degenerately, so that
the Fermi level is displaced up into the conduction band. A highly dispersed single
free electron-like conduction band is the unique trait of any conventional n-type
TCO [16-19]. Kawazoe et. al. [20] proposed novel p-type transparent conductors
with delaffosite structure for the potential application in optoelectronic industry.
Based on that, recently CuAlO,, SrCu,0, and p-type ZnO are also developed [21-
23, 61]. The family of transparent conductors also includes metal and carbon nano-
composites, graphene and polymer based materials.

ITO was the first of the modern TCO materials, discovered in 1954 by
Rupperecht; but this had significant shortcomings due to the high price and rarity of
indium and also the decay of films at higher temperatures, which is required for
certain device processing. These drawbacks have led to the development of other
materials such as fluorine doped tin oxide, antimony doped tin oxide, and lately,
doped zinc and cadmium oxides with higher performance, durability and lower cost
[24-27]. When these oxides are degenerately doped, it enhances the mobility of
charge carriers owing to their small effective masses and promotes lesser absorption
of visible radiation caused by the low density of states within conduction band. The
higher energy distribution of the conduction band also causes significant
displacement of Fermi energy beyond the minimum of conduction band, known as
the Burstein — Moss (BM) shift as discussed later in this chapter [28-30]. Table 1.1
gives a chronological list of major milestones in the field of transparent conductors.
Although it is not a complete list of all discoveries, we can observe the massive
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research work going on in this field, both in the nature of materials and the synthesis
methods.

Table 1.1 Chronological list of some of the major results in the field of transparent

conductors.
Material Year Synthesis method Reference
CdO 1907 Thermal oxidation [7]
SnOy: CI 1947 Spray Pyrolysis [31]
Sn0,:Sb 1947 Spray Pyrolysis [32]
In,03: Sn 1951 Spray Pyrolysis [33]
CdO 1952 Sputtering [34]
In,03: Sn 1955 Sputtering [35]
In,03: Sn 1966 Spray Pyrolysis [36]
Sn0,:Sb 1967 Che&igglizgﬁour [37]
Cd,Sn0O4 1972 Sputtering [38]
Zn,Sn0y 1992 Sputtering [39]
ZnSn0O3 1994 Sputtering [40]
InGazZnO 2001 P[‘;Lsggs:;ﬁfﬁr [41]
ZnSnO 2004 Sputtering [42]
SnO; 2009 Sputtering [43]
CuO 2013 Sputtering [44]

1.2  Electrical Conductivity

The high electrical conductivity of transparent conductor is mainly due to
deviations from stoichiometry and oxygen vacancies. Donor sites associated with
excess metal ions and oxygen vacancies provide the conduction electrons [30].
Carrier mobility is one of the major factors directing the conductivity of TCO films,
which in turn depends on scattering of charge carriers due to imperfections in lattice

structure. In semiconducting films, the predominant scattering mechanisms are piezo
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electric scattering, optical phonon scattering, deformation potential scattering,
neutral impurity scattering, electron-electron scattering, ionized impurity scattering

and grain boundary scattering [29].

The electrical conductivity of semiconductors is less than that of metals
(<10* @ 'em™) and higher than that of an insulators (>10"° Q*cm™) and has an
energy gap < 4.1 eV. At absolute temperature the conduction band of
semiconductors is completely empty and the valence band is completely filled and
hence, no conduction is possible. As temperature increases, electrons at the top of
the valence band gets thermally excited and reach the bottom of conduction band,
creating empty states in the valence band. The conduction is mainly n-type and the

predominant charge carriers are electrons.

The Burstein—-Moss shift is of prime importance in TCOs, by which the
apparent band gap of a semiconductor becomes larger. The optical absorption edge
is shifted to higher energies, on account of all states close to conduction band being
occupied. It is typically observed for a degenerate electron distribution and takes
place when the carrier concentration of n-type carriers exceeds the conduction band

edge density of states.

The emission spectrum of a semiconductor is tailored by this effect, resulting
in phenomena such as band gap variation and occupation of the near band gap states.
The Fermi level of moderately doped semiconductors lies between conduction and
valence bands. As concentration of doping is increased, the electrons occupy

conduction band states, pushing the Fermi level to higher energy [45].

The Fermi level of degenerately doped semiconductors, lie inside the
conduction band and hence, an electron from the top of the valence band can be
energized only into conduction band above the Fermi level, since all states below
Fermi level are unavailable. This increases the energy of the lowest optical
transition, the optical gap. The excitation into such occupied states is forbidden
according to Pauli's exclusion principle. The band gap thus created is regarded as
‘apparent band gap', as shown in figure 1.1, and can be calculated using

transmission/reflection spectroscopy.
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Apparent band gap = Actual band gap + Burstein—-Moss shift............... (1.2

This effect generally results in a blue shift of the absorption edge and varies

with effective mass of particles and is made use of in laser applications [46].

Conduction Band

.................. e~ Fermi level
e {

E, Measured Band gap = Eg + AE
AE = Burstein-Moss Shift

Valence Band

Figure 1.1 Energy band diagram showing the Burstein-Moss shift in semiconductors.

1.3  Optical transparency

The fundamental optical properties of a sample are generally described by
transmission, reflection, and absorption of light with respect to a particular
wavelength. Energy is conserved when incident light falls on a sample and get

partially transmitted, reflected and/or absorbed.

where the values of T, R, and A are measured as the fraction of incident light that is

either transmitted, reflected or absorbed respectively.

The optical phenomena of TCOs can be described using Drude’s theory of
free electrons in metals [45]. When these electrons come within an electromagnetic
field, it results in the polarisation of field inside the material, which influences the
relative permittivity. Electromagnetic waves are incapable of propagating in a

negative dielectric constant medium, since the wave decays exponentially and wave
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vector is imaginary. In such a medium, the incident waves get totally reflected. The
plasma frequency or cut off frequency of electromagnetic transmission is given by

the relation,

4nme?

0, = e (1.3)

At frequencies greater than plasma frequency, the material behaves as a

transparent dielectric, and at lesser frequency, TCO reflects incident radiation. That
is, for wavelengths longer than plasma wavelength A, as in figure 1.2, the incident

radiation gets reflected and for shorter wavelengths, up to A TCO transmits

gap’

incident radiation [47].

A

T (%)

v
>
o

)\'gap

Wavelength

Figure 1.2 Spectral dependence of TCOs.

1.4 Simultaneous occurrence of optical transparency and

electrical conductivity in TCOs.

In the general context, optical transparency and electrical conductivity are
regarded as mutually exclusive properties. The solution to Maxwell’s equation [48]
delivers the refractive index and extinction co-efficient for electromagnetic (EM)

waves through a semiconducting medium as,
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n?= S [[1+(32) 1% + 1] o (1.4)
and k2 = = [[1+ (D5 = 1] o (L5)

where n gives the index of refraction of the medium,
k gives the coefficient of extinction,
€ gives the dielectric constant,
o Is the value of conductivity and
v is the frequency of electromagnetic radiation.
For insulators, the conductivity is zero, and hence, o is nearly zero. Hence

from the above equations, n approaches &'

and k approaches zero - that is,
insulators allow electromagnetic waves to pass through them, whereas for an ideal
conductor, the components of reflected and transmitted electric field vector get
totally reflected with a 180° phase difference. That is, an ideal conductor reflects the
EM waves falling on it, while an insulator acts transparent to the EM radiations [49].

Most TCOs will be transparent ~ 80% along the visible region of the EM
spectrum and fluctuations produced as a result of interference effects are observed in
the optical spectroscopy studies. The short wavelength cut off around 300 - 400nm
are resulted owing to the fundamental band gap excitation from the valence to

conduction band in figure 1.3.

Conduction Band

Valence Band

Figure 1.3 Schematic diagram showing valence and conduction band in TCOs.
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Typically in the optical spectrum of a TCO, decrease in transmission starts
around 1000 nm and almost simultaneously increase in reflection starts. This is due
to oscillations of large number of conduction band electrons, also known as
plasmons. This can result in considerable absorption of incident radiation with a
maximum value at characteristic plasma wavelength, A,.

Due to substitutional doping, the number of conduction band electrons (N)
increases resulting in shifting of plasma wavelength to a smaller value, since plasma

wavelength is inversely proportional to N [45] according to the relation,

Ao @ VAN o (1.6)

This creates swap over between electrical conductivity and long wavelength
transparency limit in TCOs. When the electron concentrations are very high, it may
lead to decrease in transparency of the visible wavelength radiation and vice versa.
Hence, we cannot label one particular TCO as 'single best TCO', since the preferred
characteristics are dependent on its possible applications.

Since the most significant parameters governing a TCO- optical transparency
and electrical conductivity are inversely related, the performance of one thin film
TCO can be compared with another using a term ‘figure of merit', which is generally
regarded as the ratio of transmission of light to the sheet resistance of the thin film
[50]. Since transmission through a thin film depends on its thickness, this definition
of figure of merit depends on thickness of the thin film. According to another

definition given by lles and Soclof [51], figure of merit,
F=RS[1-T] oo, .7)

where R;is the sheet resistance and T is the transmission and a lower figure of merit
indicates a film of superior quality. Figure of merit depends on mobility, which is in
turn affected by electron scattering by phonons. It has no dependence on the charge
carrier concentration and the grain boundary scattering lowers mobility of charge

carriers in thin film TCOs.



Chapter 1 An Introduction to Transparent Conducting Oxides

1.5 Other characteristics of TCOs

Thermal stability of TCO is an important parameter to be taken care of while
using it for external applications. Generally, it remains stable up to a temperature
slightly greater than its deposition temperature [52]. In order to obtain best TCO
properties, the substrates should be maintained at sufficiently high temperature
during deposition. The optimum substrate temperature increases in the order, ITO <
Zn0O < Sn0; < Cd,Sn0Oy.

Due to higher substrate temperatures used, there is a chance for diffusion of
sodium into TCO layers while using soda lime glass [53]. A coating of silica or
alumina barrier layer can be given in order to avoid this. Other significant features
preferred for TCOs are chemical stability; the ability to withstand corrosive
chemical environment, and mechanical durability which depends on the materials
from which they are formed. The cost of production plays a major role in the
selection of a particular TCO for a specific use. The price of raw materials, method
of thin film deposition as well as speed of the process is also significant. Certain
compounds of cadmium are carcinogens and are restricted in use as TCOs. Hence
the cost of processing these compounds to prevent release of toxic materials into the
environment and to protect the users is very high. Toxicity of elements generally has

the order zinc < tin < indium < silver < cadmium [54].

1.6  Different types of TCOs
a) n- type TCO

The immense research in the field of TCOs has resulted in the development
of variety of n-type TCOs, suitable for use in various applications. TCOs are mainly
n-type due to the ease in creating oxygen vacancies and in oxides, cation
interstitials. TCO properties can be enhanced by introducing other elements or
impurities intentionally into the lattice of a pure oxide, by substitutional doping.
Majority of TCOs in use and under research are n-type since doping can be quite
easily achieved in them, compared to p-type [55-60]. A detailed study about n-type
TCOs is presented in Chapter 4.
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b) p-type TCO

Even though there are quite a large number of n-type TCOs in use, the
number of p-type TCOs is very limited. In p-type TCOs, majority charge carriers are
positively charged holes created by the absence of electrons. Their modelling and
processing are still being a great challenge, despite much efforts. The pioneering
works on p-type conducting oxides had been conducted by Kawazoe and Hosono on
CUuAlO; [20] and SrCu,0, [62] respectively. They have achieved good conductivity,
but the carrier density (N) and mobility (m) were low, typically N < 10*¥/cm® and
m < 1 cm?Vs. Even though enormous research efforts have been put on these
materials, these problems still persist in these copper based metal oxides. Recently
works have been done to improve the desirable properties of sulphides and selenides
such as LaCuOS [63], BaCuSF [64]. Due to the large hole effective masses of most
oxides, they exhibit much lower carrier mobilities [65]. p-type TCOs are applied in
a variety of electronic devices and can possibly serve as positive terminals in
optoelectronic devices, allowing new solar cell architectures. We shall discuss
about p-type TCOs extensively in Chapter 5.
C) Amorphous TCOs

It has been a historical belief that crystalline materials have superior
properties, but the emergence of new amorphous TCOs has challenged it; they
possess properties even better than their crystalline counterparts. They also offer
advantages of low temperature processing and hence can be used for flexible
substrates. Amorphous TCOs were illustrated mainly by the ternary compound
InGaZnO [66,67] and the binary Cd,SnO, [68]. The electronic transport mechanism
in these systems is complex, but the performance is superior, especially electron
mobility achieved was as high as 50 cm?/Vs, superior to some of the available
crystalline TCOs [69, 70]. These materials are amorphous mixtures in which all
single metal oxides have filled up d-shells. The conduction band states arise mainly
from vacant s-states of metal atoms. Hosono et al. stated that elevated mobility of
electrons in amorphous TCOs may be due to overlap of s-states of such large metal

atom [71]. However, over the past decade, TCO material synthesis in both

11
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crystalline and amorphous state has progressed so as to make a difference of an

order of magnitude or more in the attainable maximum conductivity.

1.7  Applications of TCOs

In the last few years, there has been an extensive increase in active research
groups as well as number of publications in the field of transparent conducting
oxides. This is mainly due to inevitability of this class of materials in applications
such as flexible electronics, solar cells, display systems and most recently in thin
film transistors. The development of high definition flat screen televisions, electro

chromic windows, transparent electrodes etc. had been contributed mainly by TCOs.

Touch-screen sensors, plasma and organic light emitting diode (OLED)
displays, low emissivity windows, liquid crystal display (LCD) devices, smart
windows and photovoltaic devices are some of the innumerable applications of these
materials. Smart windows or energy efficient windows are capable of sensing and
responding to external stimuli such as heat, light or electricity and can change from
transparent to translucent to opaque with the simple turn of a knob [72]. It regulates
the passage of light through it, thereby regulating indoor light and temperature for
households or industries. It influences the energy use of the building and occupant
comfort. The materials used in these systems are either electro chromic, thermo
chromic or photo chromic and typically comprises of a passive counter electrode
inserted among transparent conductors [73]. The assembly of a smart window is

schematically shown in figure 1.4.

lon conductor
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Figure 1.4 Schematic diagram of the assembly of a smart window
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Low emissivity windows are yet another class of smart windows, used to
block particular wavelengths incident on it. For instance, they are used typically to
prevent IR radiation passing all the way through the window. This considerably
reduces inside temperature of the building without diminution of incoming light.
Besides, these windows are capable of color controlling property, where photo
chromic or electro chromic coatings are given on TCO materials depending on their
applications. Using the electronic control system incorporated, the colours and
patterns on the windows can be varied within seconds providing a novel dimension

to beautification of contemporary buildings [74].

It has been predicted that by 2020 transparent conducting films will become
a $3.39 billion dollar market for printed electronics, largely due to photovoltaic,
optoelectronic and OLED display applications [75]. There are various companies
such as Evaporated coatings inc Ltd. that manufacture TCOs - indium tin oxide,
transparent gold and various other transparent and conductive coatings which are
typically employed in applications that demand high transmission of visible light
and electrically conducting surface. They supply TC coatings for applications
requiring environmental stability such as in military, medical displays, security and
aerospace, display windows, LCD fabrication, heaters, touch panels, cathode ray
tube displays, heads-up displays, shielding for electromagnetic interference and

radio frequency interference [76].

Touch screens are now inevitable in human lives - from simple mobile
phones to the complicated machineries and instruments. They are fabricated mainly
on glass substrates, coated with a TCO material and transparent patterns created on
it by means of lithography. Screen patterns are fed to software, where the touch is
sensed by the recognition of change in resistivity or capacitance, identified through
microprocessors. In this simple device architecture, as given in figure 1.5, all
materials used are transparent, thereby making the vision vivid to the device user.
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Transparent Electric Conducting film

Acrylic film
@) @) (@) o————— Separator dots

R Glass

Figure 1.5 Schematic of a touch sensor

Quite a lot of display units have also been grown by TCO electrodes - Liquid
Crystal Display (LCD) being one of the most popular. It is assembled by patterning
TCOs using lithography and liquid crystals sandwiched between two transparent
conductors, as in figure 1.6. On receipt of electrical signals, the crystals orient

themselves between the electrodes, thereby generating specific colors [77].

Polymer
Polarizer—————= 1
— Glass
Electrode e = | ectrode
G G GEEED A zGEEED R
Conductive Paste b —— B I — ——Perimeter Seal
Liquid Crystal . o D D D
Electrode
—1—Glass
Polarizer——————F= ]
| Reflector

Figure 1.6 Schematic of an LCD display unit

Photovoltaic devices using organic or inorganic semiconductors produce
electric power when light is incident on it. TCOs are deposited to form p-n junctions
depending on the applications like thin-film transistors (TFTs) used in modern
microelectronics. They ought to be flexible, shock resistant, portable and financially
affordable in optoelectronics industry [78]. Together with transparent circuit
technology, TFTs can function as display units on different areas; even on the

windscreens of cars.
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Transparent field-effect transistors (TFET), yet another major application of
TCs, developed from wide band gap semiconducting materials, exhibit superior
performance and durability at high temperatures and high power operation [79].
Oxide semiconductors provide an alternative prospect for discovering novel
usability with supplementary functionality, since they exhibit various magnetic and
electronic behaviors which originate from their crystal structure and constituent

elements.

Scientists at National Renewable Energy Laboratory (NREL) are involved in
high end research for enhancing the properties of existing TCOs as well as addition
of novel materials in TCO phase space [80]. Transparent conducting nano fiber
papers have been developed by Masaya Nogi et. al. for the potential use in foldable

solar cells and future portable electronic devices [81].
1.8  Specific objectives of this work

The main objective of this work is to fabricate transparent and conducting
thin films for device applications and their detailed structural, electrical, optical and
morphological investigation. In this thesis, a comprehensive elucidation of the
fabrication of tin based n-type and copper based p-type TCO thin films by radio
frequency magnetron sputtering is presented. It also accounts for the optimization of
fabrication parameters to obtain good optical transparency and high electrical
conductivity. Indium 3" was chosen as the conducting ion that can be fused with
both these TCO materials in order to enhance their optical and electrical behavior.
Hence indium tin oxide (ITO) and copper indium oxide (CIO) thin films were

synthesized and investigated.

Tin oxide and indium tin oxide were selected as n-type TCOs, due to
previous reports on their good electrical conductivity along with optical
transparency [8, 9]. Secondly, copper oxide and copper indium oxide were selected
as p-type TCOs due to its natural p-type conductivity which is rare among existing
TCOs [82].
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Objectives of the present work, which has been successfully completed, are as

follows:

VI.

VII.

VIII.

Optimization of radio frequency magnetron sputtering (RFMS) parameters of

the system for the fabrication of thin films.

Investigation of the effects of substrate temperature, RF sputter power, time
duration of sputtering and nature of substrates on the quality of thin films

obtained.

Studies on the optical properties of fabricated thin films to optimize the

synthesis conditions to maximize their transparency in the visible range.

Structural characterization of these sputtered thin films using X-Ray

Diffraction and X-Ray Photoelectron Spectroscopy.

Investigations on the charge carrier concentration and their mobility to

maximize electrical conductivity.

Exploration of the influence of sputtering conditions on the surface

morphological behavior of the films.

Finally and most importantly, highly transparent p-n hetero junctions were
constructed using these n and p-type conducting oxides to form diode

structures.

Investigation of unidirectional conduction properties and computation of

ideality factors of these hetero junctions.
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Chapter 2 Thin film deposition techniques

2.1 Introduction

Any three dimensional film with one dimension much lesser compared to the
other two may be termed as a 'thin film'. The thickness of a thin film used in devices
would in general be about 50nm to 50um, very less compared to devices using bulk
materials with thickness above 1mm [1]. This enables miniaturisation of devices to
a large extend. The microstructure, nature of dopants present and physical properties
determine the specific use of a thin film, which are in turn influenced by the
technique adopted for its fabrication. By altering substrate temperature, rate of
deposition, partial pressure, chemical concentration of reacting materials and many
other thermodynamic parameters, a multitude of properties can be obtained,
depending on the method of thin film deposition [2]. Various methods for thin film
growth have been intensively investigated for their explicit uses, since growth

techniques play a considerable role in governing properties of films.
In general, deposition of thin films undergoes the following sequential steps:

1. The source material/target is converted into solid/liquid condensed
phase.
2. From the condensed phase, it is converted into vapour form-atomic,
molecular or ionic.
3. It is transported to a substrate by applying pressure/voltage/magnetic
field.
4. ltisthen made to condense onto the substrate to coat a thin film.
Depending on how the vapour form is created for condensation, the thin film
deposition methods can be classified broadly into two-chemical methods and

physical methods, as explained in subsequent sections.

2.2 Chemical methods of thin film deposition

There are numerous chemical deposition techniques for material formation,
which includes wet chemical processes such as spray pyrolysis, dip/spin coating,
electroplating, chemical reduction plating and vapour phase deposition such as
chemical vapour deposition (CVD) and metal-organic CVD (MOCVD). Certain
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deposition techniques used for fabrication of TCO thin films are discussed in the

subsequent sections.

2.2.1 Spray pyrolysis

This is one of the methods adopted for the bulk fabrication of films in large
area coatings used in industries, which is relatively simple and economic.
Basically, it depends on the decomposition of a compound (metal) in liquid form,
when sprayed onto a pre-heated substrate. The hydrolysis of metal chloride on

heated surface takes place as follows to give well adherent films.
Mclx+y HZO—MOy'{_ XHCI .................................. (21)

M can be any metal such as Zn, In or Sn. A carrier gas provides enough
pressure at the spray nozzle for the atomisation of precursor solution into spray of
fine droplets. The flow rate can be controlled at the nozzle, which determines the
growth Kkinetics and hence the quality of films grown. The temperature of substrate
during deposition, concentration of precursor solution, the nozzle to substrate
distance etc. are some of the other important parameters in spray pyrolysis as
described elsewhere [3,4]. Spray deposited TCO films do not generally require a
post deposition heat treatment to improve TCO characteristics, as needed in
alternative processes. Also, it provides an easy way to dope any element in the
required proportion through solution medium by controlled addition. However,
certain unavoidable disadvantages of this method exist, such as possibility of
oxidation of sulphides when using corresponding precursors at normal pressure and
temperature. Also the spray nozzle may become clogged in the long run, causing
variations in droplet size and pressure at the nozzle, thereby reducing the quality of

films and hence its properties.

2.2.2 Dip coating

Dip coating represents one of the oldest commercially applied thin film
manufacturing processes. In this method, a substrate is dipped into a precursor

solution at constant speed and left for sufficient dwell time for the interaction of
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substrate with the solution. Then the substrate is pulled away from the solution at a
constant speed, whereby a thin layer of precursor solution is deposited onto the
substrate [5]. Excess solution drips off the surface. The solvent evaporates and after
drying, the substrate may be subjected to further heat treatment to enhance
crystallization of the functional oxides. This process can be applied to all types of
precursor solutions, but no universally valid model has been approved yet. The
surface morphology of films is controlled mainly by viscosity of precursor solution
and hence, it is very difficult to control the thickness of films precisely. Also,
repeatability of films is very less compared to other methods of thin film coating.
One of the major disadvantages in this technique is that both sides of the substrate
gets coated; if coating is preferred only on a single side, the other side has to be

sealed or protected by an adhesive foil, which creates much complications.

2.2.3 Spin coating

Spin coating involves the acceleration of a viscous liquid on a rotating
substrate. The solution to be coated is poured at the center of the substrate before
rotation. The spin speed controls the centrifugal force and the solvent viscosity
controls the viscous forces and a balance between the two forces leads to a coating
of homogeneous layer of solution onto the substrate. Thus the film properties can be
diverse by varying the solution viscosity, concentration, angular speed and spin
time. Multiple coatings are preferred to obtain a film of homogeneous thickness.
The range of film thicknesses obtained by spin coating is 1-200 mm. This method is
widespread in organic electronics and nanotechnology for effective device
preparation. The advantage of spin coating is its ability of quick and easy
production of films [6, 7]. Similar to dip coating, in this method, the thickness of
films cannot be controlled precisely. Also, this process has relatively low
throughput compared to other methods, since the fast drying times lead to lower
yield for certain specific applications, which requires time to self-assemble or
crystallize. Also, material usage is typically around 10%, which is very low; the rest

gets flung off sideways and wasted.
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2.2.4 Chemical Vapour Deposition

A very significant method used to obtain semiconducting transparent thin
films is chemical vapour deposition (CVD). This involves the deposition of metal
oxide film from one or more gaseous reacting species on to a solid substrate. Metal
oxide thin films are usually grown by vaporising suitable organo-metallic
compounds onto a substrate surface, where it is decomposed by a heterogeneous
process. Various deposition parameters such as gas flow rate, system geometry and
substrate temperature influences the quality of thin films deposited by this method
[8]. Highly pure and stoichiometric films with structural perfection can be obtained
by this method. The most common method involves the use of metal-organic
precursors and is thus known as Metal-Organic CVD. The reproducibility and
purity of films, low cost involved in the production and the non-use of vacuum are
the main advantages of this method along with the ease in large scale production,
since it can be performed as a continuous process. A significant disadvantage
results, since the morphology of thin films depends on the behaviour of chemical
reaction and activation mechanism, the nature of resultant films are highly
unpredictable [9]. Also, a possibility of carbon contamination from metal-organic
precursors in the films, adhesion problems and incompatibility of substrate with
temperature and possible side reactions are certain disadvantages of this method.

2.3 Physical methods of thin film deposition

In this technique, the films are deposited in high vacuum chambers, retaining
a vacuum of 10™ mbar, created by a diffusion pump, typically backed by a rotary
pump. Certain important deposition techniques that fall under this category are
vacuum evaporation, electron beam evaporation, pulsed laser deposition and

sputtering. We shall briefly discuss each method.

2.3.1 Vacuum Evaporation

In this method, a resistively heated material is evaporated using a tungsten or

tantalum source. Oxygen deficiency occurs while evaporating an oxide material, and
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hence, this method usually requires heat treatment in the presence of oxygen, post
deposition [10]. In order to grow transparent thin films, an oxygen partial pressure
of 10 Torr is necessary [11]. The substrate temperature, source to substrate
distance, evaporation rate, oxygen partial pressure etc. are the major control
parameters. It is a relatively simple and appropriate method for the deposition of
metals and alloys, as the only major prerequisite is a vacuum atmosphere, where

adequate heat is supplied to the evaporants to achieve necessary vapour pressure.

2.3.2 Electron Beam evaporation

Electron beam evaporation is a process in which a source material is
bombarded with an electron beam generated by a tungsten filament under high
vacuum [12]. This deposition method utilises a stream of electrons accelerated
through 5-10kV fields, which are focussed on a target material to be evaporated.
The electron beam forces atoms from the target to evaporate and form a gaseous
phase. These atoms form a solid layer, thereby coating the substrate with a layer of
the anode material. The impinging electrons generate the heat required to evaporate
the material to be coated. The purity of thin film coatings is high using this method
since deposition is carried out in high vacuum. Also the rate of deposition can be
regulated to be as low as 1 nm per minute to as high as few micrometers per minute.
The efficiency of material utilization is relatively high, compared to other methods

and also it offers structural and morphological control of films [13-15].

2.3.3 Molecular Beam Epitaxy

This technique to fabricate highly crystalline thin films was introduced by A.
Y. Cho and J. R. Arthur at Bell laboratories [16]. This method utilises ultrahigh
vacuum (UHV) conditions with much accurate controllability of composition,
thickness and morphology [17-19]. Also, it enables the facility to study the growth
of crystals on a sub nano meter scale. In this method, the material to be coated is
sublimated or evaporated from an effusion cell, forming molecular beams, which are

made incident onto a heated rotating substrate with ordered placement of atoms. The
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source can be in liquid form-Liquid Phase Epitaxy or vapour form - Vapour Phase
Epitaxy or molecular source (MBE) [20].

2.3.4 Pulsed Laser Deposition

An efficient evaporation method for the fabrication of epitaxial films under
modest vacuum conditions is pulsed laser deposition (PLD) [21]. Generally this
method is preferred for the phase pure growth of multi component composite thin
films. It requires a laser source (pulsed) - frequency tripled (355 nm) or quadrupled
(266 nm) solid state Nd:YAG laser, KrF (248 nm) or ArF (193 nm) excimer laser. In
a usual PLD method, a highly focused beam of laser pulses with high energy,
obtained typically from a UV nanosecond pulsed laser source, is moved over the
target. A substrate is introduced to the laser plume, created due to the interaction
between high energy beam and target. The laser plume comprises of atomic and
molecular structures ablated from target. For the deposition of a TCO film, a
substrate temperature of 450°C-700°C is used, and the oxygen partial pressure is
kept below several milli torr, since decrease in oxygen partial pressure causes
formation of vacancies, which in turn generates free carriers, thereby enhancing

conductivity [22].

2.3.5 Sputtering

The sputtering process is considered to be the most versatile thin film
deposition technique. It is a process whereby atoms are ejected from a solid source
material due to bombardment by energetic ions, usually by means of plasma which
generate charged particles that are accelerated towards a surface. It produces
coatings of device quality, higher purity, much controlled thickness with greater
adhesion and film homogeneity. Sputtering was first developed by W.R. Grove in
1852; this method basically involves the formation of ionized plasma of argon in the
space between the two electrodes when voltage is applied between a cathode and
anode [23]. Usually, cathode is the target material and substrate holder acts as the
anode. The target material is bombarded heavily by ions, ejecting atoms from the

surface of the cathode through momentum transfer. These particles diffuse away
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from the cathode, through the plasma towards the anode, forming a layer of thin film
onto the substrate. The pressure inside the sputtering chamber during the process
has profound influence on the uniformity, quality, and stress of the resultant film.
Initially the chamber is evacuated to 10 mbar and during sputtering; the chamber is
evacuated normally to a pressure of 102107 Torr [24]. Depending on the mode of
powering the sputtering system, they are classified into two; DC and RF system [25-
27].

2.3.5.1 DC sputtering: When the source of ions is provided by glow discharge
created by an applied electric field between electrodes in a gas at low pressure, the
gas breaks down to conduct electricity. This ionized gas or plasma is accelerated by
a large electric field. When these ions impact the target, atoms (or molecules) are
ejected from the surface, into the plasma, where they are carried away and deposited
on the substrate. This simplest and least expensive method of sputtering is DC
sputtering, in which a DC power supply is used. In this system, generally restricted
for conducting materials, a direct voltage is applied between cathode and anode.
The sputter gas used is typically inert, such as argon, in order to avoid any possible
chemical reaction between sputtered atoms and sputtering gas [28-30].

During sputter deposition, there is a chance for the formation of arcs, due to
accumulation of oxides on erosion groove edges where the rate of sputter is low.
When the circuit senses a strong lessening of discharge voltage or a rapid raise of
discharge current, the power gets switched off for a small time interval (a few
microseconds) in order to reduce charging and prevent the creation of arc. Arcing
could possibly destroy a target by melting which eventually results in particulates or
pinholes on deposited films, degrading the quality of the films. To avoid this,
periodic reversal of polarity can be done as in RF sputtering. Also, an increase in
discharge voltage leads to enormous power at the anode, resulting in substrate
heating. Thus, the choice of materials for substrates is limited in DC sputter
systems. Hence, modified systems have been developed, such as magnetron
sputtering system, in which electron trajectories are defined by electric as well as

magnetic fields, discussed in the next section.
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2.3.5.2 RF magnetron sputtering: RF Magnetron Sputtering is a reliable technique
used to deposit both conducting as well as electrically insulating samples. This is
currently the most significant technique for film deposition, due to its capability to
grow high quality films on large area, high deposition rates and usage of lower
substrate temperatures [31]. Also, adhesive property of films is superior to that of
evaporated films using corresponding film/substrate combination [32]. Previously,
successful deposition of TCOs by this method was hindered by low deposition rates,
substrate heating effects and low ionization efficiencies in plasma which often
resulted in low-grade films. Intense research in the field led to the rapid
development of methods to overcome these limitations.

In an RF system, between the electrodes, a high frequency generator is
connected. In magnetron sputtering the high voltage RF sputtering source ionizes
sputtering gas, to produce plasma. A transverse magnetic field, and electric field,
located beneath the target, directs the argon atoms towards the sputter target,
multiple collisions take place and atoms of the target material are released into the
plasma [33]. These atoms condense upon the substrate, thus forming the film.

A matching network is used to optimize the power transfer and a permanent
magnet is connected to the sputtering gun to enhance the deposition rate, by trapping
electrons. This magnet creates lines of flux perpendicular to the electric field, or
parallel to the target, causing secondary electrons to confine in the region near the
target and increase the number of collisions. A schematic diagram of the sputtering

set up is as given in figure 2.1.

Sukl)strate

— Gas Input

Pump

Figure 2.1 Schematic diagram of RF magnetron sputtering system
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Compared to other physical vapour deposition techniques, the additional
kinetic energy possessed by the sputtered atoms can lead to more adherent films and
improved conformal coverage. Cylindrical, conical, and planar magnetron sources
are in use for specific applications, since it benefits the formation of many different

compound thin films at much lower temperature.

2.3.5.3 Reactive sputtering: Powering the magnetron for sputtering is much easier
when we use a conducting or a metallic target. However, it creates a constraint in
the choice of materials capable of deposition using this technique. To avoid this
crisis, compounds can be coated using reactive sputtering, ie., deposition of
elemental or alloy targets in reactive gases such as nitrogen, oxygen, hydrogen
sulphide, etc. that can react with sputtered ions to form a stable compound on the
substrate. Target-generated secondary electrons do not collide with the substrates,
since near the target; they are trapped in cycloidal trajectories, and hence do not
shoot up substrate temperature and cause radiation damage. However, the presence
of reactive gas significantly affects the process of deposition in several ways and

also increases the complication of the whole process [34].

2.3.5.4 Yield of sputter deposition: Sputtering process is said to occur when a
particle hits a target with sufficient energy to dislocate an atom from the exterior
plane. Sputter yield is defined as the ratio of number of ejected particles per
incident projectile. In other words, it is a quantification of the rate of removal of
atoms on the surface of the target material [35]. In all realistic cases, sputtering
employs bombardment of ions, with inert gas ions, for instance argon, or smaller
ions such as nitrogen or oxygen. Sputtering depends on the transport of momentum
and kinetic energy between incident particle and the surface atoms, to break bonds
and dislodge atoms and is entirely independent of charge of the particle. For
incident energy up to 40 eV, no sputtering occurs, since the threshold ion energy
needed for sputtering is the binding energy of the most weakly bound atom on the
surface. Yield in this range is below 10,

If the incident ion energy is in the range of 40-1000 eV, it is enough to

dislodge hundreds of target atoms. The incident and impacted particles move
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erratically creating knock on collisions, thereby resulting in ejection of atoms from
the surface. The yield in this case varies from 0-10. In most practical laboratory and
industrial purposes, this range of incident ion energy is preferred.

Incident ion energies of 1 keV to 50 keV are sufficient to break bonds
between the atoms in a spherical region at the collision site. In this case, the yield is
higher, but the higher energies make it impractical for use in any device applications
[36]. Many researchers have explained the yield of a sputtering process in many
different ways, out of which, we shall discuss the one proposed by Mahan et. al [37].

They derived an expression for the sputter yield Y as,

E R
Y= R
4'Eav RPP

e e (2.2)

where, E is the projectile energy and E,y, the average energy of recoils and ratio of
E/Ea. shows the average number of recoils. The ratio between Rpg, the projected
range of the recoils, and Rpp, the projected range of the projectile, gives the probable
value of the recoils which are close enough to the surface to escape. The fraction ¥4
gives the average probability that the ions are moving towards the surface. E,, and
the projected range can be calculated directly using this equation, giving insight into

the sputtering process.

2.4  Criteria for selection of a particular deposition technique

Deposition technology can be regarded as the major key to the development
of optoelectronic and display devices, since majority of solid-state devices are built
up of material structures produced by thin film deposition. Careful selection of
deposition technique is indispensable for the control over the properties of resultant
films [38]. In most cases, the preferred physical and morphological characteristics
of the deposited films will be the decisive factor for selecting a particular deposition

technology.
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As discussed earlier, a multitude of process technologies are available for
coating thin films. They differ in their physical and chemical principles of operation
and commercial availability of equipments. However, each technology has its own
advantages as well as limitations [39]. The stability, quality and repeatability of the

thin films are significant, especially in the fabrication of semiconductor devices.

Taking into consideration, all these parameters, there was considerable
motivation for us to choose RF Magnetron sputtering for our study since we
required films having good TCO properties, film microstructure and controllable
deposition rate. It is not only suitable for the low temperature fabrication of films
but also easy to achieve high deposition rate on a large area, with good adhesive

properties [40].

Stoichiometry had to be maintained as that of target materials. Also, RF
sputtering fabricates thin films having high density, which increases its conductivity,
and the films obtained are relatively smooth when compared with films produced by
other deposition methods [41]. For the fabrication of transparent diodes, masking of
substrates was necessary and this could easily be done in the sputter chamber. In
addition to that, this method yields superior compositional control and hence, the
resulting films have compositions analogous to that of target materials [42].

We have fabricated metal oxide thin films by sputtering with a source target
of corresponding metals by reactive sputtering with oxygen gas and oxide target in
oxygen free environment. The sputtering process is carried out in Hind Hivac 12
MSPT sputter chamber evacuated to 10° mbar using diffusion pump backed by a
rotary pump. Automatic matching network controller supplied by SERENE (MC2)
equipped with radio frequency power supply R301 is used. During the sputtering
process, a pressure of 10 mbar is maintained in the chamber. High pure argon is

used as the sputter gas and in certain cases, oxygen as reactive gas.
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Figure 2.2 Radio frequency magnetron sputtering set up.
In the inset, plasma formed during the coating of ITO films.

Fully equipped set up for gas distribution system allows oxygen, argon and
nitrogen into the chamber for reactive sputtering. The set up is as shown in the
figure 2.2. A two inch diameter target holder and a twelve inch diameter water
cooled magnetron are mounted on the base with sputter up configuration. The
substrate to target distance is optimized for each target material used to obtain
crystalline films. Pre-sputtering is carried out for 10 minutes before each deposition
in order to remove contaminants. The thickness of thin film is monitored in situ
using a quartz crystal monitor. Substrate heating is done using resistive heating
method and the maximum temperature that could be attained is 500°C. The
maximum sputter power that can be supplied is 400W.
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3.1  Structural analysis

The most inevitable characteristics to be studied, following the synthesis of
any material is its crystalline and molecular structure. It is relevant since the
periodic arrangement of atoms and molecules in the material describes its electrical
and optical properties. The most significant method for determining the structure

experimentally is X-ray diffraction (XRD).

3.1.1 X-Ray Diffraction

This non-destructive, basic structural analytical method was first developed
by Bragg in 1913, for studying unit cell dimensions and phase identification of
powdered crystalline materials. The most important advantage of this method is that
it is faster and requires very less quantity of sample.

X-rays are generated in a cathode ray tube by heating a filament that
produces electrons by applying voltage. These electrons are accelerated and
impinged on a target material. Electrons having sufficient energy to knock out inner
shell electrons of the target material produce characteristic X-rays. When a sample is
hit with X-rays, it will either get transmitted, or scattered by the electrons of the
atoms in the material. The scattered waves destructively interfere with each other,
except at certain orientations at which Bragg’s law (nA= 2d sin 6) is satisfied, where
they get constructively interfered. This law relates the wavelength of
electromagnetic radiation to the diffraction angle 8 and the lattice spacing d in a
crystalline sample. Since the samples are likely to be randomly oriented, it is
possible to detect all probable diffraction directions of the lattice by scanning the
sample through a range of 26 angles. The results are obtained graphically as a set of
peaks with percentage intensity on the Y-axis and 26 angle on the X-axis. Figure
3.1(a) gives a schematic illustration of how the X- rays get diffracted from a sample
and figure 3.1(b) shows the inside view of X-ray diffractometer.

A given material produces characteristic diffraction pattern, if it is present in
pristine or compound state. The specific crystal structure and lattice spacing

determines the unique set of angles and peak intensities of the observed diffraction

40



Chapter 3 Characterisation techniques

pattern. Hence the graph can be used to identify the exact phases present in the
sample [1-3].

Diffractometer
Circle

Powder
Specimen

Receiving
Slits

Counter —

Figure 3.1(a) Schematic illustration of diffraction process and

(b) Internal view of the X-ray diffractometer

If the crystal structures of all phases are not known, in a mixture of two or
more phases, the phase fractions can be accurately studied using this method. Also,
for an unknown material, if a similar material exists with a known structure, then the
crystal structure can be determined with a high level of accuracy. This method is
applicable to polycrystalline powder phases as well as films grown on a substrate

[4]. The average grain size of the film can be found using Scherrer formula [5] given

by,
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where 4 is the wavelength of X-ray used, f§ is the full width at half maximum
intensity in radians and @ is the diffraction angle. The lattice parameter values for
different crystallographic systems can be calculated using (hkl) planes and inter-
planar spacing, d.

In this study, we have employed Rigaku Miniflex 600 X-ray diffractometer
with Cu Ka (4= 1.542 AP radiation, operating at 40 kV and 15 mA. Cu target and
graphite monochromator were used and data recorded in continuous scan mode from
10° to 80°, in step size of 0.02°and scan speed of 10° per minute. The XRD pattern
was analysed using PDXL software. The diffraction patterns obtained
experimentally were compared with standard diffraction data published by
International Centre for Diffraction Data (ICDD).

3.1.2 Transmission Electron Microscopy

Transmission Electron Microscope (TEM) has emerged as an indispensible
apparatus in materials research, due to the high lateral spatial resolution (better than
0.2 nm). It is also capable of delivering sample images as well as crystallographic
information through diffraction. This technique utilizes highly energetic electron
beam, which interacts with matter to generate radiations characteristic to a particular
material. It can be used in characterisation techniques such as energy dispersive
spectroscopy, electron energy loss spectroscopy, backscattered and secondary
electron imaging etc. [6]. In TEM, a highly focused beam of electrons is made
incident on the sample and signal attained from the electrons that penetrate the
sample thickness are focussed using a series of magnetic lenses and detected using a
detector, usually a fluorescent screen.

Significant amount of magnification is facilitated in a TEM by the smaller
wavelength of incident electrons, which is responsible for the unique potential
related to TEM. It provides mainly, two modes of sample observation - diffraction
mode and imaging mode. In the first one, an electron diffraction pattern from the
sample is acquired from the area illuminated on to a fluorescent screen. The

diffraction pattern obtained in a TEM is commonly known as selected area electron
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diffraction, SAED and is analogous to that obtained from X-ray diffraction. If the
sample observed is a single crystal, it produces a characteristic spot pattern on the
screen, a poly crystal creates a ring pattern and an amorphous sample produces a
progression of diffused circles [7].

SAED patterns are helpful in determining the lattice parameters of crystalline
materials, similar to XRD. Each diffraction angle is measured and an associated
inter-planar atomic spacing d is determined using Bragg’s law [4]. The crystal
group or Bravais lattice of an unknown material can be determined easily using this

method, employing similar indexing procedures as in XRD.
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Figure 3.2 Schematic diagram of the electron path in a TEM
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In image mode, transmitted signals are detected at the image plane of
objective lens and the scattered electron wave forms an image with identifiable
information associated with the microstructure of the specimen under investigation.
Figure 3.2 is a schematic diagram of the electron paths in TEM equipment in the
image and diffraction mode.

In our study, we have used high resolution Jeol/JEM 2100 TEM equipped
with a high-stability goniometer for elevated tilt tomographic applications. The
source used was LaBg at a voltage of 200 kV. The camera length being 80-2000
mm, the magnification of 2,000x to 15,00,000x was achievable with this instrument.

3.2 Spectroscopic analysis

3.2.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative analytical
technique that measures the surface chemistry of the material and is used for
analysing the elemental constituents, composition of chemical states, depth profile
and thickness of thin films [8]. It can also provide information regarding the charge
of ions within the material, and can be useful in determining the physical structure
of the material. XPS is based on photoelectric effect, proposed by Einstein in 1905
as the ejection of electrons from a surface when photons impinge upon it. This
process can be expressed by the following equation,

Ebinding = Ephoton = (Exkinetic F 9).+evvvevvriiiriiiiiinnn, (3.2)

where Epinging 1S @ function of the type of atom and its environment, Epnoton IS the
energy of photon from the X-ray source, Exineiic IS the Kinetic energy of the emitted
electron, measured using spectrometer and @ is the work function [9]. As the initial
X-ray photon energy is known, it is possible to calculate the binding energy of each
electron using the above equation. XPS technique is highly surface specific due to
the short range of the photoelectrons that are excited from the solid. Al Ko (1486.6
eV) or Mg Ka (1253.6 eV) are often used as the photon energies. In certain cases,
Ti Ka (2040 eV) is also used.

Due to photoelectric effect, this irradiation causes emission of electrons from
the sample, which is directed towards a detector, where an analyzer determines the
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energy of these photoelectrons and this gives a continuum with a series of
photoelectron peaks. A typical XPS spectrum is a plot of the number of electrons
detected versus binding energy of electrons detected [10, 11]. The photoemission
process is shown in figure 3.3, where an electron from the K shell (1s electron) is
ejected from an atom. The binding energy of electrons is characteristic of each
element [12]. Peak shifting can be caused by shared electrons in covalent bonds as
well as variations in ionic charge.

The peak areas can determine the composition of material surface. The
chemical state of emitting atom can slightly vary peak shape and binding energy,
and hence information about chemical bonding of the material can also be obtained
[13, 14]. The resulting curve can be analysed by comparing it with existing data, but
is most commonly analysed using peak fitting software. Peak indexing can be done
using the XPS database [15].

Ejected K electron
(1s electron)

Vacuum \
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Valencevand NS S S S S S S S

Los
Incident
Lk ——— ... X-ray
K 9—C

Figure 3.3 Schematic diagram of the photo electron emission process
The data of all constituent elements of the film can be collected from the

survey scan spectrum. XPS is not sensitive to hydrogen and helium, but can detect

all other elements. It requires ultra-high vacuum conditions, and is used to analyze
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inorganic compounds, metal alloys, semiconductors, biomaterials, etc. The number
of detected electrons in each of the characteristic peaks is directly related to the
amount of element within the area irradiated. The number of peaks in the spectrum
decides the number of occupied energy levels in the atoms whose binding energies
are lower than X-ray energy. The position of peaks directly measures binding energy
of electrons in the orbitals and identifies the atoms concerned [7]. Shape of the peak
provides vital information regarding electronic state of elements in the compound,
additional energy levels, error estimation, binding energy shift and orbital energy
level splitting.

In this work, X-ray photoelectron spectra of thin film samples were obtained
from high resolution AXIS Ultra model XPS system from Kratos Analytical Pvt.
Ltd., U.K., equipped with Al Ka source. Energy drift due to charging effects was
calibrated, taking Carbon 1s (285.4 + 1eV) core-level spectrum. The error
estimation, peak fitting and orbital energy level splitting observed in the spectrum,
full width at half maxima (FWHM), binding energies, area of the peaks and the
energy difference between peak maximas were obtained using CASA XPS and
PEAKFIT-41 software. The binding energies and their shifts were evaluated by
National Institute of Standards and Technology (NIST) database.

3.2.2 UV- Visible Spectroscopy

In UV-Visible spectrophotometer, a beam of light is split into two: one is
directed through a transparent cell containing the thin film sample to be analyzed,
and the other one is directed through an identical cell without any coating, which
serves as the reference beam. The intensities of these two beams are compared, as it
scans over a particular wavelength. If the sample absorbs light at a particular
wavelength, intensity of sample beam will be less than that of reference beam and
rest of the beam is transmitted through it [7]. Percentage of transmission of beam
through a sample is measured at various wavelengths and plotted by a recorder to
obtain the spectrum, which is a plot of wavelength of the entire region versus
transmittance (T) of light at each wavelength. The schematic diagram of a UV-
Visible spectrophotometer is shown in figure 3.4. The UV spectrum ranges from 100

to 400 nm and both UV and visible radiation are of higher energy than IR radiation

46



Chapter 3 Characterisation techniques

[16]. Absorption of ultraviolet or visible light results in electronic transitions, that
is, electrons are shifted from lesser energy state orbitals to higher energy excited
state orbitals. In a semiconductor, absorption of a photon across the band gap is
significant and UV/Visible spectroscopy is one of the best methods to investigate it.
This technique measures different percentages of light reflected, transmitted or
absorbed by samples in the form of solutions, powders, thin films and crystals. Since
it is very difficult to obtain transmitted light in powders and solids, diffused
radiation reflected from the surface is measured in such samples. This technique is

known as diffuse reflectance spectroscopy (DRS).
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Figure 3.4 Schematic diagram of UV - Visible spectrophotometer

When the incident photon energy (hv) is larger than band gap energy (Eg),
the valence band electrons get excited to the conduction band empty states, causing
absorption of light by the sample and generation of electron hole pairs. The number
of electron hole pairs created is linearly proportional to the number of incident
photons per unit area, unit time and unit energy. The frequency v is related to the

wavelength 2 by the relation,
where c is the velocity of light. The absorption coefficient («) is determined by the

absorption process in semiconductors and Kk is the extinction coefficient, given by,
a(v) = 4Tkv/c oo, (3.4)
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For parabolic band structure, the relation between the absorption coefficient (o) and
the band gap (Eg) of the material is given by,

ahv = A (v =Eg) " oo, (3.5)

where r =1/2 for allowed direct transitions,

r = 2 for allowed indirect transitions,

r = 3 for forbidden indirect transitions and

r = 3/2 for forbidden direct transitions.
A is the parameter which depends on the transition probability.

This method is predominantly useful for probing the valence band and to
determine the band gap and material surface work function. The absorption
coefficient can be deduced from absorption or transmission spectra using the

relation,

where | is the intensity of transmitted wave, lo is the intensity of the incident light
and t thickness of the film. For direct transitions, (zhv)®> will show a linear
dependence on the photon energy (hv) and hence a plot of (zhv)? against (hv),
known as Tauc plot, will be a straight line. An intercept on the energy axis at (ahv)?
equal to zero will give the band gap energy [17-18]. The optical properties of TCOs
are significant while analyzing its performance. In this work, we studied the optical
behaviour of thin film TCOs and the band gap of these sputtered films were
estimated by recording transmission spectrum in the wavelength range of 200-900
nm using Jasco V-550 UV-Visible spectrophotometer. From the transmission
spectra, using Swanepoel method, various optical constants of thin films such as
index of refraction, thickness of coating, absorption and extinction coefficient etc.
can be calculated, if the film transmission spectra exhibit interference patterns [18].
The refractive index (n) at different wavelengths can be calculated using envelope
curve of maximum transmittance (Tmax) and minimum transmittance (Tin) in the

transmission spectra. The expression for refractive index is given by,

n=[N+N2—n2)/2] 2. (3.7)
Tmax —Tmin 52+1
where N=2n; [-—e] + Z FARITIPRP (3.8)
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and ns is the index of refraction of the substrate (ns =1.54 for quartz). The thickness
of the films were calculated from the equation as given below, using the value of
refractive indices obtained.

A2

e 3.9
2[n1A2—n244] (3.9)

3.2.3 Energy Dispersive Spectroscopy

Energy dispersive spectroscopy (EDS) is a procedure to measure intensity of
X-ray emission as a function of the energy of X-ray photons. The X-ray intensity
can be related to the concentration or atomic fraction, by performing
physical/empirical matrix corrections [4]. Using current detectors, most EDS
systems are capable to detect X-rays from all elements in the periodic table above
Beryllium. The least quantitative assessment that can be performed by a typical EDS
system, known as minimum detection limit (MDL) for elements with atomic
numbers greater than 11 is as low as 0.02% wt., if the peaks are isolated; and the
accuracy of quantitative analysis has been reported to be better than 2% [7]. EDS
systems are mainly used in electron column instruments such as scanning electron
microscope (SEM), transmission electron microscopes (TEM) and electron probe
micro analyzer (EPMA).

Since X-ray generation depends on electrons in the material, preference of
accelerating voltage is determined by the nature of sample under analysis. For thin
films, it is desirable to minimize the electron range and an accelerating voltage
slightly higher than the critical ionization voltage for the X-ray is preferred. Since
the MDL for most elements is 100-200 ppm, an EDS system can detect even a
monolayer of thin film, using Ka lines at moderate accelerating voltages of 5 to 15
keV.

Energy dispersive X-ray spectroscopy is used for quality control and
constituent analysis in many industries including semiconductors, metals, cements,
papers and polymers. The main advantages of this technique are its fast data
collection, analytical and geometrical efficiency of detectors, portability and the

relative ease of interfacing to data interpretation equipments. A schematic
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demonstration of the EDS system is given in figure 3.5. A major advantage of this
system is that it can be placed very close to the sample and present a large solid

angle for collecting the emitted X-rays.
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Figure 3.5 Schematic diagram of Energy Dispersive Spectrometer

The major aim behind the usage of an EDS analytical system is to have the
capability of measuring the concentrations of all elements in the sample. The peak
intensity obtained for each element in the sample is compared to that obtained from
a reference standard using the same operating conditions and a qualitative survey of
the elements present can be made [7]. EDS works on the basic principle of
Moseley’s Law, which states that the energy of a particular radiation within a series
of emission lines (Ka, KA lines) varies consistently with atomic number of the
elements.

E=Ci(Z-C2) %, (3.10)
where E is the energy of emission line for a given X-ray series, Z is the atomic
number of the emitter and C; and C, are constants. If the value of energy of a
particular K, L or M emission line is determined, the atomic number of the species
generating that particular emission line can be calculated. The K, L and M X-ray
emission lines increase in energy with increasing atomic number. In this work, EDS
spectra of the samples were obtained from Horiba EMAX instrument and the

elemental compositions were confirmed.
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3.3  Surface morphology analysis

3.3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) provides the user with a highly
magnified illustration of a material surface, which is exactly same as what one
would actually "see™ visually at the surface [7]. It simplifies surface topography
interpretations to a large extend. Modern SEM systems can operate at
magnifications from about 3X to 150000X and the resolution can be a few nano
meters. At high vacuum, an electron source is focussed into a fine probe that moves
over the surface of the sample in a raster scan pattern. When the electron beam
strikes the surface and penetrates it, a number of interactions occur resulting in the
emission of electrons from the surface. These are collected by appropriate detectors
and image construction is accomplished by mapping its intensity onto a viewing
screen or film. The images obtained by SEM are mainly of three types: secondary
electron image (SE), backscattered electron image (BSE), and elemental X-ray
image. Secondary and backscattered electrons are typically classified based on their
energies [7]. For both images, the yield increases by decreasing the incident
glancing angle, since more scattering occurs nearer to the surface. Another
significant electron interaction occurs in SEM when incident electrons collide and
eject a core electron from an atom. When this atom in excited state comes to ground
state, it emits either a characteristic X-ray photon or an Auger electron,
characteristic to the elements [19]. The schematic diagram of the electron path in a
SEM is shown in figure 3.6.

Sample preparation procedure is effortless in SEM, compared to
transmission electron microscopy (TEM), provided, the sample is vacuum
compatible. Also, the sample needs to be conducting or else, it has to be coated with
a thin conducting film of carbon, gold, or any other metal of about 10 nm thickness.
For metal samples coated with an oxide layer, a higher accelerating voltage should
be used to improve the quality of image, since high-energy beam is impinged on the
oxide, it can create electron-hole pairs in adequate numbers in order to set up local
conduction [20]. This phenomenon is often observed while studying semiconductor

devices passivated with thin oxide deposited films. In recent SEM systems, the
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energy of incident electron beam can range from a few hundred electron volts to
about 30 keV. It can also provide crystallographic information. Grain size and shape
of individual grain structures on the surface can be identified clearly, and hence this
method is significant for micro-structural analysis. The topographical features,
morphology, phase distribution, compositional differences, crystal structure, crystal
orientation, and the presence and location of structural defects can be identified

using this analytical technique [7].
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Figure 3.6 Schematic diagram of the electron path in a scanning electron microscope

Depth of field is the property of this method, by which surfaces at different
distances from the lens are focussed, which gives a three dimensional information
about the image. SEM has 300 times the depth of field than the normal light
microscope. Focusing of electron beam is accomplished using electromagnetic or
electrostatic fields, which focus the electrons into a small area, thus reducing the

diameter of electron beam produced by the electron gun [21].
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The field emission scanning electron microscope (FESEM) is significant due
to the enormous impact on the field and the electron gun allows for the creation of
an exceptionally bright and small high current density electron beam. Also, FESEM
is capable of producing a small probe diameter at low voltage, difficult to attain with
conventional thermionic electron guns, catering to the needs of various applications
[4]. In this work, we have obtained SEM images from Hitachi 0066, equipped with a
Schottkey electron gun and ultra high resolution Zeiss Gemini SEM. Cross sectional
SEM images were also obtained to study the morphology of the interface and

coatings of the sputtered films.

3.3.2 Atomic Force Microscopy

Atomic Force Microscope (AFM) is a high-resolution, three-dimensional
profilometer, also called a Scanning Force Microscope (SFM). It can achieve
extremely high magnifications up to 1000000X, analogous or even superior to
electronic microscopes. The measurement is made in three dimensions; X-Y plane
horizontally and Z dimension vertically. It can determine the force between the top
surface of a sample and a sharp cantilever probe tip [7]. Scanning is done in a raster
motion, controlled by piezoelectric tubes. When the tip to sample distance is of the
order of a few angstroms, a predominant repulsive force appears between the probe
tip and the atoms on the sample surface. This is mainly due to the exchange
interactions by the overlap of electronic orbitals. At this stage, the tip and the sample
are considered to be in the contact mode.

The surface topography can be evaluated, if the force is determined as a
function of the position of the sample. In this versatile technique, the cantilever tip is
placed in contact with the sample and detection is done optically by interferometry
or beam deflection [4]. Scanning can be done in three different modes namely
contact, non-contact and tapping mode. In the contact mode, deflection of cantilever
is kept constant and this mode can damage samples or distort image data, since it is
subjected to frictional and adhesive forces. In the non-contact mode, probe tip
oscillates at resonance frequency where, the oscillation amplitude is kept a constant.
The resolution is less in this mode and the presence of any contaminant such as

water can interfere with oscillation and possibly hamper the images. Tapping mode
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is a combination of contact and non-contact mode and takes advantages of both. In
this mode, the tip comes into contact with the sample surface intermittently, thereby
eliminating the frictional forces and oscillating with adequate amplitude to prevent
the adhesive forces of the contaminant layer from trapping the probe tip.

Conducting as well as insulating materials can be analyzed without much
sample preparation. The depth of grain boundaries can be determined from a 3D
image and surface roughness can be calculated. Inter atomic forces between atoms
on the sample surface and atoms on the probe tip cause deflection of the cantilever.
Since magnitude of cantilever deflection depends on the distance between the
surface and tip atoms, this method can be used to map the sample topography with
atomic resolution [14].

Spatial resolution of an AFM is typically few nano meters for scans up to
130 pm. The standard deviation of surface height profile from the average height is
known as root mean square roughness and can be directly computed using
interfacing software [22]. The schematic of an AFM system is shown in figure
3.7(a) and 3.7(b) is the photograph of AFM equipment. In this work, the surface
probing was done using Park XE 70 instrument in non-contact mode. Values of
root mean square (RMS) roughness were calculated from the height values in the
images using AFM data analysis XEI commercial software.
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Figure 3.7(a) Schematic diagram of atomic force microscope unit and

(b) Photograph of AFM equipment
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3.3.3 Optical Profilometry

Optical profilometry (OP) is a method for studying the surface topography of
thin film samples in non-contact mode. This is based on principles of interferometry
and provides 2D and 3D images of the sample under investigation. Incident light
that falls on the sample surface gets reflected and interferes with light from an
optically flat reference sample. The divergence in fringe pattern generated by
interference of light is measured and it corresponds to surface roughness profile of
the sample. The beam of light in the interferometer is shifted to compute the
variations [7].

Dimensional analysis, roughness studies and thickness measurement of
transparent films, which are difficult to perform using other methods, can also be
performed using an optical profilometer. A line scan is generated similar to a
mechanical profiler and the average roughness is determined using computer
interfaced software, using the stored data points from the line scan. A 3D depiction
adds considerably to the information provided about the surface. Sample analysis is
quite easy and no prior preparations are necessary. Also the data acquisition time is
very less. But if the surface is very rough (>1.5 pm), the interference fringes will be

highly dispersed and hence the topography cannot be resolved [4].
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Figure 3.8 Schematic representation of a hon-contact optical profilometer
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If the sample under investigation comprises of more than one film on a
substrate or if the film is completely transparent to the wavelength corresponding to
the measurement system, errors are likely to be introduced. But such films may be
investigated using advanced software, if there are differences in the refractive index
of the film and substrate. Multiple coatings can be studied if coated with an
intermediate layer which is opaque to the wavelength of measurement system used
[23]. Figure 3.8 shows the schematic representation of an optical profilometer.

In this work, we have used Taly Surf CCI sub-nanometric 3 dimensional
non-contact optical profiling for surface morphology analysis of sputtered thin films.
It has the capability to scan surfaces with a Z resolution of 0.01 nm together with a
0.4 nm lateral resolution with 1048 x 1048 pixel array for large field of vision with

high resolution.

3.4  Electrical property analysis

3.4.1 Hall effect

The electrical and electronic property measurements of a material can reveal
its electrical transport behaviour, which in turn yields information about carrier
concentration, nature of charge carriers, mobility and scattering mechanisms. Hall
measurement is considered to be one of the most versatile techniques that can yield
information about all these properties, all of which affect the conductivity of the
material. Also, ionisation energy of dopants and band structure of semi conductor
can be calculated using this technique.

It was in 1879 that Edwin Hall discovered the phenomenon of Hall effect,
which eventually turned out to be one of the most valuable tools for material
characterization [4]. An electric field is developed in a conductor on the application
of a magnetic field perpendicular to the direction of current flow. The developed
voltage is called Hall voltage and the phenomenon is called Hall effect. Ohmic
contacts of silver are made at the corners of a 1 cm? thin film (figure 3.9) and a

series of measurements are conducted.
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D. o] C

Figure 3.9 Van der Pauw Hall measurement sample

If Ry is the potential difference between A and B per unit current through C
and D and R, that between B and C per unit current through D and A, sheet

resistance R is calculated as:

R, = (lnfz)) (R ; Ro) f (%) ............................ (3.11)

where f( %) is the Van der Pauw function, given by
2

et ) (3.12)

(Rl) =1 —0.3466 (
f B ' R, +R,

R;

To measure resistivity, a predetermined current is applied between two
adjacent contacts. Voltage drop is measured across a diagonal pair of contacts. By
repeating the measurements using next pair of contacts, all four possible
configurations are measured [24]. This is repeated by reversing the polarity. The

electrical resistivity of a semiconductor thin film can be written using Ohm’s law,

p =$ TR (< 0 1)
where p is the film resistivity, e is the electronic charge, n is the number of carriers
corresponding to the carrier concentration and x is the carrier mobility.

The sample is placed in a perpendicular magnetic field of known value to
measure carrier concentration, and a predetermined current is passed between a pair
of diagonal contacts and voltage is measured. By increasing the carrier
concentration or mobility or both, low resistivity can be achieved. Increase in carrier
concentration beyond certain value results in decrease in mobility due to scattering
of charge carriers. Hence an optimum value of carrier density and mobility has to be
maintained for achieving low resistivity. The underlying principle of this method is

the Lorentz force: the force on a point charge owing to electromagnetic fields. The
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direction of force on a charge carrier can be determined using right hand rule, with
respect to its direction of motion and that of the applied magnetic field.

According to Ohm’s law the carrier mobility affects resistivity. The
technique works by measuring the voltage induced by carrier detection, which is
caused by Lorentz force resulting from the interaction of external magnetic field
applied perpendicular to the plane with applied electric current and measured
voltage. Measurement of Hall voltage enables calculation of the film carrier density,
which can be converted into bulk carrier concentration by dividing the result by the

sample thickness.
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Figure 3.10 Schematic diagram of Hall measurement set up

The Hall coefficient Ry gives the nature of charge carriers; a negative value
of Ry corresponds to n-type carriers (electrons) and positive value to p-type (holes).
It can be calculated as Ry = pp [25].

In our study of thin films, the resistivity of thin films p, carrier concentration
n, and carrier mobility x were measured using four point probe in the Van der Pauw
configuration. The thin film samples used were 1cm x 1cm in size. Silver paste was
applied at the corners of the sample symmetrically. The Hall measurements were

taken using Ecopia Hall measurement system, HMS 3000.
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3.4.2 |-V characteristics

A semiconductor p-n junction forms the fundamental component of many
commercially significant devices such as bipolar junction transistors, hetero junction
transistors, junction field-effect transistors, zener diodes, rectifying diodes etc. The
current-voltage (I-V) measurement is significant for characterisation of
semiconductor devices, since complementary techniques do not provide enough
information whether the material can operate as required in a semiconductor device.

Some of the parameters usually measured for a p-n junction are built-in
voltage, the ideality factor for a forward-biased junction, and reverse-biased
breakdown voltage. The 1-V measurement of Si diodes are generally performed in
dark, but those of transparent oxide semiconductor thin film diodes can be done
under normal illumination, since they are insensitive to visible light. Shockley
derived the ideal diode equation with certain assumptions such as,

(1) the semiconductor is neutral as a whole and a dipole layer exists with abrupt
boundaries, which defines the built-in potential and applied voltages,

(2) no recombination of electrons and holes takes place in the depletion region,

(3) minority charge carrier densities are small compared to majority charge carrier
densities and

(4) the semiconductor is non-degenerate [26].

Different materials deviate from the ideal diode equation in many predictable
ways. Taking all these assumptions into consideration, the equation of state has been

solved for the current density, as
()
I=1Iyle\wr) — 1| ..., (3.14)

where Vj is the junction voltage, q is the magnitude of the electron charge, k is the
Boltzmann constant, and T is the temperature. For positive voltage (forward-biased
junction), the first term is several times greater that kT, and the current increases
exponentially, when the applied voltage is greater than the built-in electric field. For
negative applied voltages, the second term is several times greater than kT, and
hence the reverse current reaches a constant value of lo. For voltages above 50mV,

the term -1 is usually ignored. Hence the equation can be written as
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()
1 =1 le nkT l I A £ |
Taking log on both sides, In(I) = In(ly) + (%) Vieeoooinn (3.16)

Hence, a plot of In (1) v/s V of the diode give the slope as (q/nkT) and X-intercept

gives In (lp). Thus the value of ideality factor, n can be calculated.
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Ey 00000 Depletion layer
Positive holes

Figure 3.11 Schematic energy diagram of p-type and n-type semiconductors

before junction formation (left) and of the p—n junction (right)

An electron-hole pair is generated at the junction as in figure 3.11, when a
photon is absorbed and is rapidly split into n and p-type, by the applied electric field,
by the phenomenon of photovoltaic effect. The amount of current flow in a p-n
junction is determined by the polarity of applied voltage.

The equipment required for I-V measurement comprises of a semiconductor
parameter analyzer, data collection and storage capability and a probe station. The
probe contacting the n-electrode is grounded, and the other probe contacts the p-
electrode. The analyzer scans the bias voltage range, and data collection software is
properly initialized. The hetero interface between two layers needs to be very even
for the diode to exhibit good |-V characteristics, since crystallographic
imperfections at the interface can generate leakage currents [27]. Also, deviations of
a diode from its ideal behaviour can be due to surface related currents, generation
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and recombination of electrons and holes between states in the band gap and their
tunnelling. Care should be taken to eliminate electrical noise by using suitable
cables and giving proper grounding, since even good quality semiconductors may

have reverse currents approaching the electrical noise level of the instrumentation.

Silver contacts

Figure 3.12 Schematic of thin film p-n junction diode

The schematic representation of a typical thin film p-n junction is shown in
figure 3.12. p-n junction diodes of transparent oxide semiconductors are preferred
as active devices in ultraviolet detectors, because of their wide bandgap, optical
transparency in the visible and near UV-light region, environmentally benign nature,
and moreover thermal and chemical stability [7]. In this work, Agilent DC probe
station with voltage source units were used to measure the 1-V characteristics of the

transparent thin film hetero junction diodes.
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Chapter 4 Studies on n-type transparent conducting oxides

4.1 Introduction

The design of n-type transparent conductors with the desired structural,
optical and electrical properties have been driven mostly by the enhanced
importance and potential applications in the field of solid state Physics. This has
resulted in new materials as well as theoretical modelling tools that provide better
understanding about the behaviour of TCOs. The field of transparent conductors
have been dominated historically by a set of oxides; predominantly tin oxide, zinc
oxide, indium oxide, cadmium oxide and gallium oxide - generally known as the
TCO phase space. These oxides generally have the structure with octahedrally
coordinated cations and possess n-type electronic conductivity. Efforts are going on
to include various novel oxide materials into this phase space.

In metal oxides, the metal-oxygen bond is very strong and hence they
possess a combination of high heat of formation as well as wide band gap. When
these materials are doped, due to Burstein-Moss shift, the optical gap is enhanced
along with good conductivity, as described in Chapter 1. The process followed for
deposition of materials into thin film form also has profound influence on their
properties. This chapter details the fabrication of tin oxide and indium tin oxide n-
type TCOs in thin film form by radio frequency magnetron sputtering and
optimisation of deposition parameters to obtain good TCO properties. Also detailed
studies on the structural, optical and electrical characterisation of these films are

explained.

4.2 Fabrication of thin films by radio frequency magnetron

sputtering

Magnetron sputtering technique for thin film deposition is extensively used
due to its ability to control fabrication conditions and produce high purity films.
Also, it is considered to be a clean and environment friendly method as the whole
process is performed in a closed chamber and no poisonous gases are released into
the surrounding atmosphere. Hence, this technique has been made use of in several

applications including coatings with specific properties. Extensive research is going
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on to study the influence of deposition parameters such as substrate temperature
during sputtering, sputter power, target to substrate distance, thickness of films and

gas flow rate [1-6].
4.3  Growth kinetics

The structural qualities and physical properties such as electrical and optical
behaviour of films strongly depend on the process followed for its deposition. In
radio frequency magnetron sputtering, there are various parameters which influence
the growth of thin films. Several studies have been conducted to understand the
influence of deposition parameters on the characteristics of magnetron sputtered thin

films [2,3]. We shall discuss some of them in the succeeding sections.

4.3.1 Effect of sputter power

Power variation is a vital aspect to control the properties of thin films by
RFM sputtering technique. Films sputtered with higher power results in larger
crystallite size which may be attributed to the high ad-atom energy, and thereby
resulting in the formation of crystalline films [7]. For the formation of highly
crystalline films, higher power is required in magnetron sputtering system to
energize argon gas and provide sufficient kinetic energy to ad-atoms, which diffuse
on to the surface of substrates, causing nucleation and growth of thin films. The
thickness of films and crystallite size were found to vary linearly with the sputtering
power. Power also influences the film density, which in turn affects the resistivity
and optical properties of films [8,9]. In our work, the sputter power was varied from
60W to 200W and the optimum power required for the growth of each film was
estimated. The details about the effect of sputter power variations are discussed in

forth coming sections.

4.3.2 Effect of substrates

Different substrates provide films with different orientation and have an

influence on the crystalline nature of the films formed. Micro glass slides are
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usually used for the deposition of films at low temperatures since they have good
transparency in the visible range and also due to their cost effectiveness. Films
deposited on quartz substrates are used to investigate the optical properties since
they possess high transmission over the range of wavelengths from ultraviolet to
infrared. They also have enhanced smoothness and uniformity of thickness,
compared to normal glass substrates. Contamination can be avoided up to a certain
limit using quartz substrates, since they are available in highly pure form. Their
chemical resistance or stability against a wide variety of solvents and heat resistance
over a wide temperature range makes them suitable candidates for high temperature
deposition [10]. Quartz substrates were used in this work to obtain conducting
films. Kapton tapes were used to mask the films during deposition of p-n hetero
junctions. The substrates were subjected to a thorough cleaning process prior to
deposition. They were washed in distilled water and extran solution twice and dried.
Then the substrates were ultrasonically cleaned in acetone and dried and used for

deposition.

4.3.3 Effect of nature of target

The technique of magnetron sputtering was developed initially to coat films
of metals or alloys having high electrical conductivity; for eg: aluminium, gold,
silver, copper etc. The target material had to be essentially electrically conductive to
achieve acceptable rates of deposition. Ceramic targets were later used for TCO
applications by sintering powders into desired target dimensions by hot or cold
pressing. RF magnetron sputtering allows the coating of materials with poor

electrical conductivity or insulating materials into thin films.

Oxides, sulphides, selenides, and tellurides are brittle and poorly conducting,
and usually, these materials are crushed to fine powders and sintered into high-
density targets to avoid cracks and voids and to achieve consistent sputtering [11].
Commercially available metallic targets are typically made from cast metal ingots
by melting and solidification to ensure full density with minimum voids, in vacuum

or inert atmosphere and hence purity levels of 99.95% - 99.999% can be achieved
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[12]. Metallic targets can be shaped into suitable dimensions through thermo-
mechanical processes such as forging, rolling and heat treatment.

In this work, we have used high purity tin (IVV) oxide powder obtained from
Sigma Aldrich (99.99% pure) as the target material for the deposition of n-type
SnO; thin films. The powders were pressed into 2 inch diameter aluminium discs
and cold pressed at 1200 kg/cm? to achieve high density targets. Care was taken to
eliminate voids and cracks in the target to avoid cracking during sputtering. The
surface of the target was made smooth and pre-sputtering was done to ensure purity
of thin films obtained. For the deposition of indium tin oxide, metallic target
purchased from ITASCO, Japan was used with composition-10% by weight tin
oxide and 90% by weight indium oxide with purity 99.999%.

4.3.4 Effect of substrate to target distance

The ultrafine structures obtained for coatings by RF magnetron sputtering
exhibit enhanced properties compared to traditional materials, thereby ensuring their
direct application in modern optoelectronic devices. The substrate - target distance
or working distance is vital in determining the characteristics of deposited films in
atomic and molecular scale, since the energy of the depositing particles are expected
to affect the nucleation and hence the structural formation of the films [4]. At very
close working distances, the deposited atom distribution follows the cathode erosion
profile. As we increase the working distance to about 100-150 mm, a uniform
distribution of the depositing atoms may develop but the kinetic energy of particles
will be lower as they approach the substrate, due to larger travel distance. This leads
to increase in collision and scattering of sputtered atoms. Working distance has a
significant role in enhancing the deposition rate, microstructure and hardness of
coatings [13]. At very large working distances, the energy of atoms/molecules are
reduced, thereby reducing the nucleation leading to the formation of a coarse grain
structure.

Although a strict formula has not been proposed for grain size control and
uniform film density distribution at a particular working distance, in our work, the

working distance was varied from 60 mm to 200 mm and after several trials, a
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particular distance was selected for each target, appropriate for getting good quality
films. We have optimised the distance between substrate and target for each type of

film for the effective control of thin film properties.

4.3.5 Effect of substrate temperature during sputtering

Substrate heating has profound influence on the adhesive properties and
deposition rate of films [14-16]. The effect of substrate temperature on the rate of
deposition at low pressure conditions is entirely different from that at high pressure
conditions, which may be attributed to variation in gas density. The pressure
dependence of deposition rate at different substrate temperatures is a result of
variations in gas density with temperature [17]. These variations take place

according to the equation,

where P is the pressure of gas, N is the gas density, k is the Boltzmann’s constant
and T is the temperature of the gas. An increase in temperature at constant pressure
is correspondent to a decrease of pressure at constant temperature to obtain decrease
of gas density N, and vice versa. We have investigated the effect of substrate
temperature on the surface morphological and physical properties of thin films from
room temperature to 200° C.

4.4 Tin (IV) oxide

Tin (IV) oxide (SnO,) is one of the simplest semiconductor material used as
TCO. Earlier it was widely used for anti-static coatings, transparent electrodes in
display panels and transparent heater films in aircraft windshields. Its low cost, non
- toxic nature and ease in handling renders it largely in use in laboratories as well as
industries [18]. Almost all n-type TCOs are characterised by a conduction band
similar to highly dispersed lone free electrons. Degenerate doping enhances the
charge carrier mobility due to small effective mass thereby leading to Burstein-Moss
shift, as discussed previously. This enables broadening of optical transparency
range and maintains the valence band optical transitions out of the visible range
[19]. This is vital for oxides which are not transparent throughout the visible
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spectrum. Achieving the most favourable performance in a TCO is demanding
because of the compound relationship between its electronic and optical properties
[20]. Our main aim was the detailed investigation of the transparent and conducting

behaviour of tin oxide thin films deposited by radio frequency magnetron sputtering.

4.4.1 Electronic structure and transparent conducting properties

Tin belongs to group IV B metals and its oxide has a rutile structure. It
possesses smaller ions and is primarily ionic bonded. Each tin atom is bounded by
six oxygen atoms in an octahedral array, and each oxygen atom is surrounded by
three tin atoms in a planar array. The crystal structure of SnO; is given in figure 4.1.
It has a direct band gap of 3.6 eV and electron effective mass is low, 0.23-0.3 m..
Interaction between the 2p orbitals of oxygen and ns metal orbitals gives rise to
electronic band structures in metal oxides in the TCO phase space. The bonding and
non-bonding 2p oxygen states form the valence band while the anti-bonding s

orbitals of metals and p orbitals of oxygen gives rise to the conduction band.

Figure 4.1 Crystal structure of SnO,

Theoretical band structure calculations reveal the equivalent contributions of

oxygen 2p and metal ns states to the conduction band [21]. Once the charge carriers
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fill the conduction band, a metal s and oxygen p orbital network is formed for
effective charge transport, which results the formation of a gap between valence and
conduction bands. These band gaps play a key role in the photon induced
conduction in TCOs. Electronic band structure calculations within screened-
exchange local density approximation (sX-LDA) gives highly accurate values for
energy bands and are in good agreement with the experimental values (3.6-4.0 eV
for Sn0,) [22].

Due to the spherical symmetry of s orbitals, coordination of cations by
oxygen atoms does not influence the s-p overlap of metal and oxygen atoms. The
largest overlap is attained when cations surround the oxygen atoms in an octahedral

pattern, i.e., each px, py and p, oxygen orbitals are connected to two s orbitals.
4.5 Results and Discussion

The sputtering process for the deposition of tin oxide thin films were
performed as two separate experiments - one by varying the sputter power and
second by varying the substrate temperatures. The rate of deposition of SnO, thin
films have been studied for a wide range of sputter powers and optimised. When the
sputtering was performed below 60 W, the rate of deposition was found to be very
less and in order to get a uniform crystalline film, sputtering had to be done for a
long interval of time. Also, when the sputter power exceeded 200 W, the films
formed were too thick and opaque, which cannot be used as practical TCOs. Hence
we had chosen the films sputtered at powers ranging from 60 W to 200 W. Figure
4.2 shows the variations in yield of radio frequency magnetron sputtering equipment
at various ion energies. The substrate temperatures were also selected so as to
obtain good quality films with good adherence to the substrates. Detailed structural,
morphological, optical and electrical characterisations were performed and the
results are discussed in the subsequent sections. The optimum experimental

parameters followed during deposition in our work are given in table 4.1.
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Figure 4.2 Yield of sputtering of SnO; thin films

Table 4.1 Experimental parameters of sputtering process

Target Ceramic SnO, target

Substrate Quartz
Target—substrate distance 120mm

Deposition (Ar) pressure 4x107% mbar

Base pressure 1x10°® mbar

Deposition time 30 minutes

RF power 60-200W
Substrate temperature Room Temperature (25°C) - 200°C

45.1 X-ray Diffraction

XRD analysis was carried out using Integrated Powder X-ray Diffraction
software (PDXL) complemented by the database, International Centre for
Diffraction Data (ICDD-2012). Figure 4.3 exhibits the room temperature X-ray
diffraction pattern of SnO, thin films sputtered at a substrate temperature of 150° C
for 30 minutes at sputter powers ranging from 60-200W. The resulting plots are
stacked by y offset intensities in the order of increasing sputter power and the
detected peaks confirm the polycrystalline nature of thin films.
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The films sputtered at 60W showed less intense peaks, but as the sputtering
power was increased to 200W, diffraction patterns of (110), (101) and (200) planes
appeared corresponding to 26 values of 21.91, 29.33 and 30.77 respectively. The
reflection of each plane is indexed in the plot and identified as the reflections of
orthorhombic crystal structure of SnO, (ICDD: 00-029-1484) with space group,
P2:2:2;. Lattice parameters are a = 4.7140 A°, b = 5.7270 A°, ¢ = 5.2140 A® and «
= B =y =90°% All samples showed the same reflecting planes, but there is
considerable increase in the intensity of peaks with increase in the sputter power.
This is due to the enhancement in crystallinity, since at higher sputtering power, the
inert argon gas acquires adequate energy to provide higher translational kinetic
energy to the ad-atoms, causing surface diffusion and thereby leading to the

nucleation and growth of the films [23].

(110 (101 —

Intensity (arbitrary units)

26 (deq)
Figure 4.3 XRD pattern of SnO, films sputtered at substrate temperature of 150°C

From figure 4.3, the peaks are observed to be shifted to a higher 26 values
with increase in sputter power, which can be attributed to the apparent stress induced
in the thin films during sputtering at higher powers. The peak shifts occurring at
different powers are tabulated in table 4.2. Stresses induced in thin films may be of
two kinds — intrinsic and extrinsic. Intrinsic stresses are caused mainly due to
distortions in lattice structure, impurities and defects in the crystals. Extrinsic
stresses are caused due to lattice mismatch between the coated films and substrates
or due to large disparity in their thermal expansion coefficients [24-25]. The effect

due to the latter is insignificant for thickness of films greater than 100 nm.
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In our study, since all films have thickness above 100 nm, stress induced in
films may be purely of intrinsic nature. The effect of such stresses increases with
sputter power, since, during the process of sputtering, the higher energy of
bombarding species induce defects and distortions in the lattice structure, which can
be observed in the physical property variations of the films, such as electrical
conductivity [26].

Table 4.2 Peak shifts of XRD pattern

Sputter power Shift in (1211(,)5)335)"'&”6 from Shift in (12(;25;)0Iane from
100w 0.18 0.02
120w 0.36 0.34
140W 0.02 0.02
200w 0.08 0.08

Figure 4.4 gives the XRD plots of the samples sputtered at various substrate
temperatures at a sputter power of 120W for 30 minutes. From the plots, it can be
observed that the respective locations of all reflections are same for all samples but
peak intensities are slightly enhanced with increasing substrate temperature. No
peak shifting is observed with variations in substrate temperature and hence it can be

assumed that lattice strains induced in all films are the same.

] (110) 101) —Cc
——100°g
| 200) ——150°Q
) ——200°g

INtensity (aroitrary units)

20 (deq)
Figure 4.4 XRD pattern of SnO; films sputtered at 120W
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The crystallite size of the film sputtered at 60W could not be calculated as it
showed less intense peaks. The variations in crystallite sizes are consistent with

previous literatures [7].

Table 4.3 Crystallite size variations of SnO, films with sputter power

Sputter power Crystallite size
(Watts) (nm)
100 178.1
120 232.3
140 287.4
200 317.6

The crystallite size, d was evaluated using Scherrer’s relation from the full
width at half maximum. The narrower the diffraction peak, the larger is the
crystallite size, due to periodicity of the individual crystallite domains which are in
phase. Generally, thin films have certain preferred orientation, such as (101) for
SnO,, which has the greatest degree of orientation. Therefore, the measured
crystallite size of the diffraction peak at (101) represents the crystallite size in a
vertical direction, normal to the surface of substrate [7]. The crystallite sizes of all
samples, calculated by Scherer's formula are given in table 4.3 and 4.4, which are in
agreement with the crystallite sizes observed from Scanning Electron Micrographs,
as discussed in the next section. Figure 4.5 illustrates the variations in crystallite

sizes.

Table 4.4 Crystallite size variations of SnO, thin films with substrate temperature

Substrate temperature Crystallite size (nm)
25°C 108.6
100°C 112.1
150°C 232.3
200°C 262.0
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Figure 4.5 Crystallite size variations with sputter power and substrate temperature of SnO,
thin films

From figure 4.5, it can be observed that the crystal size increases almost

linearly with sputter power. This is due to the increased kinetic energy of particles

striking the substrate per unit time.

4.5.2 Scanning Electron Microscopy

SEM images of the samples sputtered at different RF powers are shown in
figure 4.6, under same magnification. From these images, it can be inferred that as
the sputter power is increased, there is slight increase in the crystallite size, similar
to that calculated from the diffraction pattern of the corresponding samples. This
can be attributed to the increased surface diffusion of ad-atoms due to larger
mobility acquired from the generated plasma.

The films sputtered at 120W and below showed definite crystallites

uniformly distributed on the substrates, whereas above this value, the film surface
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Figure 4.6 SEM images of SnO, films sputtered at substrate temperature of 150°C and
sputter power (a) 60W, (b) 100W, (c) 120W and (d) 200W

Figure 4.7 SEM images of SnO, films sputtered at sputter power of 120 W and substrate
temperatures of (a) 25°C, (b) 100°C, (c) 150°C and (d) 200°C
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showed the formation of large crystallites. This may be due to the non uniform
scattering taking place at higher power, due to the very high energy of ionised
plasma. For the film sputtered at 200 W, no definite particles were observable.
These may be conglomerates of many smaller sized grains in the samples that may
be formed due to the greater energy imparted to the ions [21].

SEM micrographs of the samples at different substrate temperatures also
exhibit enhancement in crystallinity as can be seen from figure 4.7. These show
heterogeneous grain distribution with increased substrate temperature that may be
due to larger rate of deposition, resulting in faster grain growth. These results
establish the fact that energy of ions during sputtering process plays a key role on

the surface morphologies of the resultant films [6].

4.5.3 Energy Dispersive Spectra

In the scanning electron microscope, the backscattered electron images
represent the compositional arrangement of different elements and the identification
of these elements can be performed using Energy Dispersive Spectroscopy (EDS).

This involves generation of X-ray spectra from the entire scan area of SEM.

1] 2 4 5 ] 10 12 14 16 15 20

Figure 4.8 EDS spectra of the samples

In an EDS spectrum, the Y axis represents the X-ray counts and X axis
represents the energy level of those counts. EDS interpretation is done by

associating energy level of generated X-rays with elements and shell levels from
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which they are generated. The compositional analysis of the samples was performed
using energy dispersive spectroscopy (EDS) for the films grown at 150°C and 120W
and is shown in figure 4.8. Similar pattern was obtained for all other films. It
confirms the presence of the desired constituents, tin and oxygen and the absence of

other impurities in the sample.

4.5.4 Atomic Force Microscopy

The surface morphology of the samples deposited at various sputter powers
and substrate temperatures were examined by Atomic Force Microscopy (AFM).
The 2D and 3D surface topographies of the thin films deposited at various sputter
powers at constant substrate temperature of 150°C are shown in figure 4.9 and those
sputtered at 120W at different substrate temperatures are shown in figure 4.10.

The images were obtained in a 5x5 pm area under non-contact mode at room
temperature and ambient pressure conditions for the films deposited on quartz
substrates. The tip of the atomic probe is attached to a cantilever, which scans the
surface in a raster pattern, laterally on the surface. Whenever the cantilever detects
an obstacle, a laser beam attached to it deflects, which is used for the estimation of
interaction force between the scanned surface and the probe tip, and thereby to
calculate the surface features and to obtain the surface topographical image.

The surface morphology images confirm the dense growth of crystallites and
homogenous distribution of grains with increase in sputter power and substrate
temperature. The films deposited at high sputtering powers exhibit large cluster
formations with non uniform orientations as in figure 4.9 (d) and (e). This
phenomenon can be observed clearly in SEM images also (Page no. 77). These
structural formations are due to the boost in surface mobility of ad-atoms with
sputter power, which results in the formation of continuous films. Transfer of
momentum takes place onto the growth surface by the surface diffusion of these ad-
atoms, which is enhanced by higher sputtering powers [6].
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Figure 4.9 2D and 3D AFM images of SnO, thin films sputtered at power (a) 60W (b) 100W
(c)120W (d) 140W and (e) 200W
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Figure 4.10 2D and 3D AFM images of SnO, thin films grown at substrate temperature of
(a) 25°C (b)100°C (c)150°C and (d) 200°C
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Table 4.5 Variation of RMS roughness with sputter power

Sputter power (W) RMS surface roughness (hm)
60 0.436
100 0.553
120 1.023
140 1.216
200 2.118

Surface roughness of a TCO film has significant role in its application in
optoelectronic devices, since the carrier mobility and surface light scattering
depends on the smoothness of that particular coating. A smooth surface morphology
provides less scattering of incident light, which leads to increase in film
transmittance [6]. To analyse the surface roughness of the sputtered thin films, four
random areas over the surface was chosen and the root mean square (RMS)
measurements were recorded. These values as a function of sputtering power and

substrate temperature are given in table 4.5 and 4.6.

Table 4.6 Variation of RMS roughness with substrate temperature

Substrate temperature RMS surface roughness (nm)
25°C 0.853
100°C 0.974
150°C 1.023
200°C 1.666

It was observed that the RMS roughness increased with sputtering power.
For films deposited at a substrate temperature of 150°C and 60 W, the lowest RMS
value of surface roughness of 0.436 nm was observed and as the sputter power was
increased to 200 W, the RMS value was 2.118 nm. This trend of RMS roughness is
related to crystallite size and it is likely that low sputtering power exhibits low
deposition rate which is due to less energetic argon ion over the target species,

resulting in slow nucleation and growth onto the substrate surface.
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The root mean square roughness of the films varied linearly with substrate
temperature. The two dimensional and three dimensional surface topographies of the
samples confirm that grain distribution on substrate surfaces are more heterogeneous
with increasing substrate temperature. AFM images showed that by increasing
substrate temperature the size of grains/clusters on the surface of thin films
increases. The value was found to vary from 0.853 nm to 1.666 nm for films with
variation in substrate temperature from room temperature (~25°C) to 200°C during
sputtering. Significant variations were observed in the morphology of these films
with deposition conditions. This result is consistent with previous conclusion that
the crystalline growth increases by increasing the substrate temperature, which was

observed in SEM images also.

455 Transmission Electron microscopy

Figure 4.11 TEM images at (a) Low resolution (b) Low resolution (c) High resolution and
(d) SAED pattern of SnO, films sputtered at 150°C and 120W
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Figure 4.11 shows the TEM images and corresponding SAED pattern of
SnO; films sputtered at 120 W and 150°C for 30 minutes. It shows highly crystalline
nature of the films. From the diffraction rings in SAED pattern the predominant
(110) and (101) planes of orthorhombic SnO, were identified. The d-spacing of the
lattice was also determined and compared with that obtained from XRD. The values

are tabulated in table 4.7.

Table 4.7 Comparison of d- spacing from TEM and XRD

Parameter SAED

XRD

d spacing (110) 0.533nm

0.408nm

4.5.6 Optical profilometry
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Figure 4.12 (a) 2D Optical profile, (b) 3D Optical profile and (c) line profile of SnO; films
sputtered at 150°C and 120W

Figure 4.12 (a) and (b) shows 2D and 3D optical profile of the SnO, film
sputtered at 120W and 150°C for 30 minutes. The profile was made on the surface
by masking it using Kapton tapes during coating. Figure 4.12 (c) shows the line
profile of the film and thickness estimated as the mean height is 234.91 nm. The
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films exhibit a smooth surface, comparable to the surface roughness value obtained
from AFM (1.023 nm).

45.7 Hall measurements

The conductivity of the sputtered thin films was analysed by Hall
measurements. It is observed that the sputter power and substrate temperature during
sputtering has a significant influence on the electrical properties. Tables 4.8 and 4.9
demonstrate the variations of charge carrier concentration, mobility of charge
carriers and the resistivity of thin films with sputter power and substrate temperature

respectively.

Table 4.8 Variation of electrical characteristics of SnO, films with sputter power

Sputter power |  Charge carrier concentration Mobility | Resistivity
(W) (electrons) (/cm®) (cm?/Vs) (Q cm)
60 1.333x10" 80.52 58.14
100 7.092x10" 42.51 0.207
120 2.522x10"° 27.79 0.08902
140 2.820x10%° 8.643 0.02561
200 3.113x10% 7.923 0.02531

Table 4.9 Variation of electrical characteristics of SnO, films with substrate temperature

Substrate Charge carrier concentration Mobility Resistivity
temperature (electrons) (/cm®) (cm?/V/s) (Qcm)
25°C 2.823x10" 66.40 0.333
100°C 4.313x10™ 45.7 0.09217
150°C 2.522x10" 27.79 0.08902
200°C 7.87x10'° 17.55 0.0452

It is observed that the carrier concentration increases almost linearly with the

sputter power. At highest power of 200 W, the charge concentration reaches
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3.113x10*/cm® while at 60W, it is only 1.333x10**/cm® which can be seen in figure
4.13 (a). Carrier concentration follows a linear relation with substrate temperature
also, as can be observed in figure 4.13 (b).
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Figure 4.13 Variation of carrier concentration with (a) sputter power and (b) substrate
temperature
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Figure 4.14 Variation of charge carrier mobility with (a) sputter power and (b)
substrate temperature

As the concentration of charge carriers increase, there is a decrease in their
mobility. Hence the mobility of charge carriers follows an inverse relation with
sputter power as well as substrate temperature, as observed in figure 4.14 (a) and
(b). The most important electrical property- the resistivity of thin films was also
found to have an inverse relation with sputter power. The films sputtered at 60W
were found to have a higher resistivity of 58.14 Qcm, and when the sputter power
was increased to 200W, it decreased drastically to 2.531x102 Qcm. There had been

a decrease in resistivity of the order of 3. The possible factors that contribute to
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higher resistivity of films sputtered at lower powers are size effects and reduced
diffusion due to lesser surface mobility, as a result of lower energy of ad-atoms
during fabrication [8,23].

Lesser surface diffusions of ad-atoms at low sputter powers results in films
with lesser crystallinity, as observed from XRD and this contributes to the increased
film resistivity. Figures 4.15 (a) and (b) show the resistivity variations with sputter
power and substrate temperature respectively. The decrease in resistivity with RF
power largely results from the increase in carrier concentration. With higher RF
power, sputtered target atoms with higher kinetic energy arrive at the substrate,
leading to increased local bonding and consequently, it could be concluded that
films sputtered at higher RF power possess a more ordered microstructure with less

defects, resulting in enhanced carrier concentration and lower resistivity.
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Figure 4.15 Variation of thin film resistivity with (a) sputter power and (b) substrate
temperature

4.5.8 UV-Visible spectroscopy

All sputtered films exhibit an average transmittance over 75% in the visible
region and a strong absorption in the UV region. The interference fringes in the
transmission spectra are indications of the uniform and homogeneous nature of film
surface [24]. The maximum average transmittance is observed for the films deposited
at 60W with transmittance above 80% and the film with maximum thickness,
sputtered at 200W exhibited lower transparency of ~65%. The absorption edge of
thin films corresponds to electron transitions from valance band to conduction band
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and the band gap energies can be determined using Tauc plot, as described in
Chapter 3. The variations in transmission of the films with sputter power are shown
in figure 4.16 and it exhibits an overall decrease in transmittance with sputter power.
The reduction in transmittance may be caused by the increase in light scattering as
the grain size increased and increase in thickness of films with sputter power. Figure
4.17 shows the transmittance variation with increase in substrate temperature during
deposition. The films deposited at room temperature showed the least transmittance

and films at 100°C showed the maximum transparency.
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Figure 4.16 Optical transmission spectra of SnO, thin films at different sputter powers
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Figure 4.17 Optical transmission spectra of SnO, films at different substrate temperatures
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As described in Chapter 3, the band gaps were calculated from the optical
transmission spectra by plotting (a/v)? versus hv and extrapolating the linear portion
of the curve to the X axis as given in figure 4.18 (a) and (b). From these plots, it is
observed that the band gap increases with RF power and substrate temperature. It
can be seen from the Hall measurements that the carrier concentration increases
correspondingly with power and temperature of substrate during deposition. The
enhancement in band gap is due to the Burstein-Moss effect at high carrier
concentrations. The correlation of carrier density and optical band gap of the films

with sputter power is depicted in figure 4.19 (a) and (b).
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Figure 4.18(a) Tauc plot of SnO; films at different sputter powers
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Figure 4.18(b) Tauc plot of SnO; films at different substrate temperatures

Table 4.10 Variation of band gap energy with sputter power

Sputter Power (W) Band gap Energy (eV)
60 3.22
100 3.25
120 3.34
140 3.42
200 3.57

The band gap energies of samples deposited at different sputter powers at
150°C are tabulated in table 4.10 and that at different substrate temperatures at
120W in table 4.11. It can be observed that the optical band gap energy increases by
~ 11%, from 3.22 to 3.57 eV, when the sputter power was varied from 60W to
200W.
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By increasing the temperature of substrate from room temperature to 200°C,
the band gap was varied by ~ 21%, from 2.86 to 3.47 eV, which may be due to the
increase in thin film thickness [6]. The Burstein-Moss effect can explain the
broadening of band gap energy with the increasing carrier concentration [21]. The
optical characteristics of sputtered films substantiate typical transparent conducting

nature of the films by absorption of photons at effective band gap in the near UV-
region.
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Figure 4.19 Correlation of charge carrier density and optical band gap with (a) sputter

power and (b) substrate temperature

Table 4.11 Variation of band gap energy with substrate temperature

Substrate temperature Band gap Energy (eV)
25°C 2.86
100°c 3.17
150°C 3.34
200°C 3.47

Thicknesses of the films were calculated from the transmittance spectra
using the Swanepoel envelope method [25], as discussed in Chapter 3. The
envelope curve of Tmax and Tpin in the transmission spectra is used to determine
thickness of the films. The value obtained for films sputtered at different powers are
tabulated in table 4.12.
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Table 4.12 Thickness variation with sputter power of SnO, films

Sputter power (W) Thickness of films (nm)
60 -
100 -
120 258.97
140 320.24
200 492.84

The thickness of films at 60W and 100W could not be calculated as the
number of fringes does not meet the minimum requirement to calculate using this
method. The variation in thickness of films grown at different substrate temperatures
are tabulated in table 4.13. The thickness calculated was found to be close to the

values obtained using optical profiler.

Table 4.13 Thickness variation with substrate temperature of SnO, films

Substrate Temperature Thickness (nm)
25°C 172.03
100°C 202.54
150°C 258.97
200°C 311.56

The results of optical investigation of the sputtered tin oxide films are
significant since it confirms the phenomena of Burstein-Moss shift in TCOs. This
can improve the electrical properties of TCOs such as conductivity and mobility of

charge carriers.

4.5.9 X-ray Photoelectron Spectroscopy

The XPS studies were performed using standard Al Ko source for the
investigation on element valence state of SnO, film sputtered at 150°C and 120 W.
C1s core-level spectrum at 284.5 = 0.1eV as in figure 4.20 was used to standardise

the energy glide due to charging effects.
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Figure.4.20 Carbon 1s spectra for XPS calibration of SnO, spectra

The wide survey scan was used for identifying the elements present in the
sample and the spectra were further processed for calculating the percentage of
elements present. CASA XPS was used for the data analysis, and detailed surface
analysis of the thin film was performed by recording elemental scanning for the
constituent elements on sample surface at same experimental conditions. The
obtained elemental spectra were processed using PEAKFIT 41 software for
extracting additional information. A standard Shirley background was used as
baseline for fitting the narrow scan spectra with Standard Gaussian—Lorentzian
components at 70% - 30%. The peaks are fitted with the components in a reduced
“chi-square” parameter ranging from 0.5 to 1.5, which confirms the goodness of fit
in asymmetric peak fitting. NIST database was used to evaluate the binding energy
and binding energy shifts.

In the narrow scan spectra, Sn 3d and O 1s have been detected. The core
level peaks corresponding to Sn 3d orbital levels give rise to two possible energy
states with different energies, due to spin-orbit splitting (j-j coupling). Sn 3d core

level spectra typically have two components due to the j-j coupling.
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Figure 4.21 Narrow scan analysis of tin in sputtered SnO, films

The chemical bonding status between tin and oxygen was investigated with
XPS to determine the electrical properties of the tin oxides. Figure 4.21 shows the
Sn 3d XPS spectra of thin films deposited at 120W and figure 4.22, shows the
corresponding core level spectra of oxygen. The Sn 3d is further split into two due
to its j-j splitting. The spectra were asymmetric with probable electronic instability,
and the peaks correspond to Sn 3ds, and Sn 3ds;, centered at 486.11eV and
494.55eV. The peak shape analysis revealed that, the Sn ions in the thin film
surface are composed of Sn** and Sn** ionic states. The spectrum is fitted with
corresponding components, as in figure, with two peaks centered at 485.78 + 0.10
eV and 486.42 + 0.10 eV for Sn 3ds, and 494.12 + 0.10 eV and 494.83+ 0.10 eV for
Sn 3ds, components. The results suggest that the sputtered films are composed of
tin oxides with random distribution of Sn ions and the doublet separation is
consistent with literature [27]. Also from the survey scan spectrum in figure 4.23,
the ratio of O: Sn peak intensity of binding energy was calculated and found to be
1.077, which suggests oxygen deficiency in crystal structure, which may be the
major cause of good conductivity in these films, as confirmed by Hall measurement
studies.
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Figure 4.23 Survey scan spectrum of SnO; films

Figure 4.23 shows the survey spectrum of the sample, clearly establishing the
existence of tin and oxygen in the sample without any impurities. The main peak
located at 932.7 eV could be attributed to the Cu 2p3, orbitals. No obvious shake-up
satellite peaks on the higher binding energy side could be observed, which
confirmed the absence of Cu* on the sample surface. Figure 4.21 shows high
resolution XPS spectrum over Sn 3ds, peak. It could be best fitted by the
combination of two peaks centered at 486.5e¢V and 485.5eV, which could be

assigned to Sn**3ds, peak and Sn®*3ds, peak, respectively. Thus, a small portion of
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Sn** on the film surface was reduced to Sn** during the sample synthesis and storage
under normal ambient condition. The Sn?* percentage was determined to be ~36%,
while no SnO could be distinguished either in TEM or XRD analysis results. As a
surface characterization technique, XPS could determine the surface composition
within a very shallow depth. Thus, the existence of Sn** must be only on the surface
of SnO; thin films, while the dominant Sn species in the sample existed as Sn**. It
had been well reported in literature that Sn®* state could be detected on the surface

due to the oxygen deficiency in the top layer of the films.

4.5.10 Optical transparency of the film

The films sputtered at 150°C and 120W is shown in figure 4.24. The high
optical transparency is evident from the photograph and is consistent with the
transmittance value (~80%) obtained from UV-Visible spectrum.

ansparent Conducting Oxi
_—_'-‘_———_

Figure 4.24 Actual photograph of SnO, film sputtered at 150°C and 120W

4.6  Indium tin oxide (ITO)

In the earlier sections, we have investigated the characteristics of tin (V)
oxide thin films. High optical transparency and simultaneously high electrical
conductivity cannot be attained in intrinsic stoichiometric materials and the only
way this can be accomplished is by creating electron degeneracy in a wide band gap
(Eg > 3eV or more) material by introducing non-stoichiometry or appropriate
dopants. Indium oxide is yet another oxide belonging to the TCO phase space. This
section describes the properties of tin doped indium oxide, generally known as

indium tin oxide (ITO), which is a well known highly degenerate, n-type TCO with
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wide band gap. In the class of TCOs, ITO becomes the most favoured, since it
offers the highest available transmission for visible wavelengths, together with
lowest possible electrical resistivity. It is one of the most generally used transparent
conductive oxides in optoelectronic applications, since it offers unsurpassed
performance in terms of conductivity and optical transmission. Excellent chemical
stability, reproducibility in production, possibility to fabricate films with better
surface morphology and ability to deposit high quality films even at room
temperature makes them superior in the class of transparent conductors [16].

In solar cells, ITO is used as transparent conducting top layer which allows
light into the cell and electricity to flow out, and hence the efficiency of a solar cell
can be improved by modifying the properties of top ITO layer. Depending on the
method of fabrication and various corresponding deposition parameters, ITO layers
can be crystalline or amorphous which influences the opto-electronic properties of
the films. Apart from solar cells, ITO layers find applications in window coatings,
energy efficient buildings, liquid crystal displays and flat panel displays, since it

effectively reflects wavelengths in the infra red part of the spectrum.

4.6.1 Electronic structure and transparent conducting properties

The electronic band structure of a material provides information regarding
the interplay between optical absorption and conduction in TCOs. The significant
characteristics of such materials can be satisfactorily explained on the basis of a
reliable model of electronic band structure, proposed by Fan and Goodenough on the

basis of electron spectroscopy for chemical analysis (ESCA) measurements [27].

ITO has cubic bixbyite structure which is also known as the c-type rare earth
sesqui oxide structure and is regarded as an imperfect crystal of fluorite, by
removing 16 oxygen atoms for 1 bixbyite unit cell. 32 cations occupy the 8b and 24d
positions as in figure 4.25, and each cation resides at the centre of a distorted cube,
with oxygen anions occupying the six corners. All 8b cations are coordinated to six
oxygen anions and to two oxygen interstitial positions, which lie along the body

diagonal of a cube. The 24d cations are coordinated to six oxygen anions and to 2
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oxygen interstitial sites along a face diagonal of the cube. The 48 oxygen anions are

coordinated to four cations.

Figure 4.25 .Crystal structure of ITO

Indium tin oxide is created by substitutional doping of 1n,03with Sn**, which
replaces the In** atoms from the bixbyite structure of indium oxide [27]. Tin exists
as SnO or SnO; by forming an interstitial bond with oxygen with a valency of +2 or
+4 respectively. The ultimate conductivity of ITO is influenced by this valency state.
A net reduction in carrier density occurs at lower valence state, since a hole is
created, which acts as a trap, thereby reducing the conductivity. At higher valency
electrons are donated to the conduction band, thereby enhancing conductivity. Apart
from this, oxygen vacancies contribute to the high conductivity in ITO films. When
tin atoms are doped, the valence band gets shifted upwards and the conduction band
downwards. Above the critical carrier density, the filling up of conduction band

causes vacant sites in lower states and thereby an apparent widening of optical band

gap.
4.7 Results and Discussion

In this work, RF magnetron sputtering technique was used to deposit thin
films using an ITO target having an In,O3:SnO, composition of 90:10 percentage by
weight. The yield of sputtering below 60 W was too low and above 200 W, the
films were too thick. Hence, the sputter power during deposition was varied from
60W to 200W and the corresponding variations in the structural, electrical and
optical features of the thin films were studied in detail. The rate of deposition of ITO

films was optimised and the variations in yield of radio frequency magnetron
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sputtering were studied for various ion energies. It follows the pattern as shown in

Studies on n-type transparent conducting oxides

figure 4.26. The sputtering parameters followed during deposition were as given in

table 4.14.

Table 4.14 Experimental parameters of sputtering process

Target ITO

Substrate Quartz

Target—substrate distance 65 mm
Deposition (Ar) pressure 4x10 m bar
Base pressure 1x10°® m bar
Deposition time 30 minutes

Substrate temperature 100°C

RF power 60-200 W
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Figure 4.26 Yield of sputtering of ITO thin films

4.7.1 X-ray Diffraction

The Integrated Powder X-ray Diffraction software (PDXL) was used for

the analysis of XRD pattern,
Diffraction Data (ICDD-2012)

complemented by International Centre for
database. Figure 4.27 exhibits the room
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temperature X-ray diffraction pattern of ITO films fabricated at substrate

temperature of 100°C with sputter powers ranging from 60-200W. The XRD

plots were stacked by y offset intensities with respect to increasing sputter power.
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Figure 4.27 XRD pattern of ITO thin films

The XRD patterns of films sputtered at 60 W showed no intense peaks due to

its lesser crystallinity and that at 200 W showed very sharp orientations in the (222)

plane. The structure is found to be that of bixbyite indium tin oxide (JCPDS: 06-

0416), belonging to space group las, with a lattice constant of 1.0117 nm. Even

though the intensity of XRD peaks increases considerably with sputter power, all

films exhibited the same reflecting planes.

Table 4.15 Crystallite size variations of ITO films with sputter power

Sputter power (W) Crystallite size (nm)
60 -
100 17.8
120 23.2
140 28.7
200 31.7
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The increase in peak intensity may be attributed to enhancement in
crystallinity at higher sputtering power, since the sputter ions acquire sufficient
energy to provide elevated translational kinetic energy to the ad-atoms, thereby
causing surface diffusion, leading to growth of crystalline films [8]. The less intense
peaks of the films sputtered at 60W made it impossible to calculate the crystallite

size; all others were calculated and tabulated in table 4.15.

4.7.2 Scanning Electron Microscopy
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Figure 4.28 SEM images of ITO films sputtered at powers (a) 60 W, (b) 100 W,
(c) 120 W, (d) 140 W and (e) 200 W
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SEM images of the samples sputtered at different RF powers at substrate
temperature of 100°C are shown in figure 4.28, with same magnification. From
these images, it can be inferred that as the sputter power is increased, there is slight
increase in the crystallite size, which complement the results from diffraction pattern
of corresponding samples. This can be attributed to the increased surface diffusion
of ad-atoms due to larger mobility acquired from the generated plasma. The films
sputtered at 120W and below showed definite crystallites uniformly distributed on
the substrates, whereas above this value, the film surface showed the formation of
large crystallites. This may be due to the non uniform scattering taking place at
higher power, due to the very high energy of ionised plasma. In these films at
higher powers, no definite particles were observable. Also, these may be
conglomerates of many smaller sized grains in the samples that may be formed due

to the greater energy imparted to the ions [21].

4.7.3 Energy dispersive spectra

Compositional analysis conducted using EDS proved the presence of indium,
tin and oxygen in all samples. EDS spectra obtained for ITO films sputtered at
120W and 100°C is shown in figure 4.29. Films grown at different sputter powers
exhibited exactly similar spectra proving the absence of impurities and high quality

of sputtered films.
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Figure 4.29 EDS spectra of the ITO film grown at 120W and 100°C
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4.7.4 Atomic Force Microscopy

Figure 4.30 2 D and 3D AFM images of the films sputtered at (a) 60W , (b) 100W,
(c)120W, (d) 140W and (e) 200W.
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The surface morphologies of the samples deposited at various sputter powers
were examined by Atomic Force Microscopy (AFM). The 2D and 3D surface
topographies of the thin films deposited at various sputter powers at constant
substrate temperature of 100°C are shown in figure 4.30. The surface roughness

calculated is tabulated in table 4.16.

The AFM images of samples coated on quartz substrates were taken at room
temperature and ambient pressure conditions under non-contact mode. The intense
growth of crystallites and uniform distribution of grains with increase in sputter
power can be observed from these images. The surface mobility of ad-atoms
increases with sputter power, which results in the formation of continuous and
homogeneous films. Transfer of momentum takes place onto the substrate by the
surface diffusion of ad-atoms and gets enhanced with sputtering power. For
application in display systems and optoelectronic devices, one of the key parameters
to be considered is the surface roughness of a TCO film, since it influences the

carrier mobility and surface light scattering.

Table 4.16 Variation of RMS roughness with sputter power

Sputter Power (W) RFM roughness (nm)
60 0.563
100 0.624
120 0.679
140 0.923
200 1.102

Four random areas over the surface were chosen and the root mean square
(RMS) measurements were recorded to analyse the surface roughness of the
sputtered thin films. RMS roughness increased with sputtering power as in table
4.16. For films deposited at a substrate temperature of 100°C and 60 W, the lowest
RMS value of surface roughness of 0.563 nm was observed and as the sputter power
was increased to 200 W, the RMS value was 1.102 nm.
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This trend of RMS roughness is related to crystallite size. At low sputtering
power, the rate of deposition is lesser due to less energetic argon over the target

species. This results in slow nucleation and growth of films onto the substrate
surface.

4.7.5 Transmission electron microscopy

Figure 4.31 (a) is the TEM image of the ITO films sputtered at 120W and
100°C at lower magnification.

Figure 4.31 TEM images at (a )low resolution, (b) high resolution, (c) high resolution and

(d) SAED pattern of ITO thin films sputtered at 120W and 100°C
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At higher magnification in figure 4.31 (b) and (c), the d- spacing of the lattice
can be clearly observed, which confirms the crystalline arrangement of the atoms.
Figure 4.31 (d) gives the SAED pattern of the same film, from which the diameter of
one of the brightest ring was found and using that the d-spacing (table 4.17) of the
lattice was found to be 0.488 nm, which is similar to that calculated from XRD
pattern (0.423 nm).

Table 4.17 Comparison of d- spacing from TEM and XRD

Parameter SAED XRD

d spacing (222) 0.488 nm 0.423 nm

4.7.6 Optical profilometry

(b) B

X = 1669242 mm o
Y = 1669267 mm
Z = 147345 ym

Figure 4.32 (a) 2D Optical profile, (b) 3D Optical profile and (c) line profile of the ITO
film sputtered at 100°C and 120W

Optical profilometry was used to study the surface topography of the films in
two and three dimensions. A profile was made on the film by masking the substrate

suitably by Kapton tape. Even and smooth nature of the surface can be observed in
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figure 4.32 which is in agreement to the low RMS surface roughness obtained from
AFM studies. The figure 4.32 (a) and (b) shows 2D and 3D optical profile of the
ITO sputtered at 100°C substrate temperature and sputter power of 120 W. From the
line profile of the film in figure 4.32 (c), the thickness was found to be 571.75 nm
being the average height of particle distribution and is found to be in accordance
with the thickness measured by optical studies.

4.7.7 Hall measurements

The conductivity of sputtered thin films were analysed by Hall
measurements. It is observed that the sputter power has a significant influence on
the electrical properties. Table 4.18 and figure 4.33 (a) demonstrates the variations
of charge carrier concentration and resistivity of thin films with respect to sputter
power. It is observed that the carrier concentration increases almost linearly with the
sputter power. At sputter power of 200 W, the film carrier concentration reaches
70.92 x10%/cm®, which is 2 orders higher than the value obtained for SnO, films
sputtered at the same conditions, which was 3.113x10%/cm®. At 60 W, the charge
concentration is 4.313 x10*%/cm®. The mobility of charge carriers follows an overall

decreasing tendency with increase in sputter power as in figure 4.33 (b).

Table 4.18 Variation of electrical characteristics of ITO films with sputter power

(W) (electrons) (/cm®) (cm*/ Vs) (€2 cm)

60 4.313 x10™ 15.70 9.217 x10%
100 2.55 x10™ 27.79 8.907 x10
120 28.2 x10*® 8.643 2.561 x1072
140 31.13 x10™ 7.923 2.531 x107
200 70.92 x10' 4.251 2.071 x10%
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Figure 4.33 Variation of (a) resistivity and carrier concentration and (b) mobility with
sputter power.

4.7.8 UV-Visible spectroscopy

The optical transmission spectra exhibited more than 3 maxima and minima
of interference fringes which are indications of the highly uniform nature of film
surface [24]. The average transmittance observed for the films is found to be above
80% in the visible range and much higher compared to SnO, films fabricated under
similar experimental conditions. A strong absorption is observed in the UV range
and the band gap energies are determined using Tauc plot as in the case of SnO;
films [6]. Variation in optical transmission of the films with sputter power is shown

in figure 4.34.

100
80
S
5
‘% 60-
3
5
C 40 . | — 60W
3 —— 100W/
(o 1 — 120W/
20 — 140W/
—— 200W
0 T T T T T T T T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure 4.34 Optical transmission spectra of ITO films at different sputter powers
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The reduction in transmittance with sputter power, as observed in the figure
may be due to the enhancement in scattering of light at the surface, caused by an
increase in the grain size [3, 29]. Also, since rate of deposition gets enhanced with

power, thickness of film increases, resulting in lesser transmission.

Table 4.19 Variation of band gap energy with sputter power

Sputter power (W) Bang gap energy (eV)
60 3. 469
100 3. 506
120 3.578
140 3.614
200 3. 686

The band gap energies of samples deposited at different sputter powers are
tabulated in table 4.19. It can be observed that the optical band gap energy increases
from 3.469 to 3.686 eV, when the sputter power was varied from 60 W to 200 W.
The Burstein-Moss effect can explain the broadening of band gap energy with the
increasing carrier concentration [21]. The optical characteristics of the sputtered
films substantiate the typical transparent conducting nature of the films by the

absorption of photons at effective band gap in the near UV-region.

Table 4.20 Thickness variation with sputter power of ITO films

Sputter power (W) Thickness of films (nm)
60 -
100 -
120 598.79
140 664.23
200 814.81

The value of film thickness obtained at different sputter powers are tabulated
in table 4.20. The thickness of films at 60 W and 100 W could not be calculated as

the number of fringes was lesser than required to calculate by this method. The band
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gap of the films was estimated from the Tauc plot, as described earlier, given in
figure 4.35.
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Figure 4.35 Tauc plot of ITO films at different sputter powers
4.7.9 X-ray Photoelectron Spectroscopy

The XPS of transparent conducting thin films of indium tin oxide grown at a
sputter power of 120 W and substrate temperature of 100°C was recorded similar to
SnO; films described in the previous section. The scanning was performed for both
survey of film surface for constituents and individual elements present. The

spectrum of the film surface was calibrated by recording C1s core-level spectrum at
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284.67 + 0.1eV. Since the charging effect of the C1s calibration is standardized at
284.5eV in this report, the spectra of the elements will appear at an energy difference

of 0.17eV. Figure 4.36 shows the calibrated spectra of carbon 1s.
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Figure 4.36 Carbon 1s spectra for XPS calibration of ITO spectra

Figure 4.37 shows narrow elemental scan of ITO thin films for In 3d
processed through CASA. The shape reveals no spectral asymmetry and the peaks
were fitted with single Gaussian component. Analysis of XPS spectra shows the
oxygen binding with indium in its +3 oxidation state on the film surface. In figure
4.37, In 3d peak is composed of two different symmetrical curves located with a
peak separation of 8.54 eV. The peaks are well known In 3ds;, and In 3ds;, peaks,

from the j-j coupling of spins of electron with its angular momentum.
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Figure 4.37 Narrow scan analysis of indium in sputtered ITO films
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Figure 4.38 Narrow scan analysis of tin in sputtered ITO films

In figure 4.38, Sn 3d peaks, found at binding energies of 486.11 eV and
494.55 eV is designated as the Sn 3ds;, Sn 3da, spin-orbit doublets accordingly.
The raw data of Sn 3d scan are also refined through CASA for further analysis and
the Sn 3ds, and Sn 3ds, emissions are fitted with single Lorentzian-Gaussian
component. This confirms the presence of Sn4" and the absence of defective SnO, or
SnO on the surface of thin films.
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Figure 4.39 Narrow scan analysis of oxygen in sputtered ITO films
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Figure 4.40 Survey scan spectrum of ITO films

The separation energy of XPS peaks is proportional to the j-j coupling
constant dependent on the value of 1/r® for a particular orbit (where r is its radius)
[30]. The Sn-O bond in O 1s spectra (figure 4.39) can be considered as a strong
evidence for valence stability of Sn ions in ITO thin films. The Ol1s spectrum in
figure 4.39 clearly indicates the presence of asymmetry related multiple oxidation
states of oxygen with indium and tin in ITO films. The deconvolution of the O1s
spectra is fitted perfectly below the chi square of 1 with two Lorentzian—Gaussian
components centered at 529.11 eV and 531.23 eV, are attributed to the bonding of
Sn**-0 and In** -O in the film respectively. Figure 4.40 gives the wide scan
spectrum of ITO thin films.

4.7.10 Optical transparency of the film

1isparent Conducting Oxide¢

Figure 4.41 Actual photograph of ITO films sputtered at 120W and 100°C
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The photograph in figure 4.41 shows the high transparency of the ITO film
sputtered at 120 W and 100°C substrate temperature on quartz substrate. It is obvious
that the optical transmittance is high for ITO films (~96%) compared to SnO; films

(~80%) fabricated under similar conditions.

4.8 Conclusions

o Highly uniform and crack free n-type conducting thin films of tin (IV) oxide
and tin doped indium oxide were fabricated on quartz substrates via radio
frequency magnetron sputtering.

. The effects of sputter power and substrate temperature during the fabrication
process on SnO;, films were investigated.

J The influence of variation in sputter power during the fabrication of ITO films
was also investigated.

. The detailed structural studies were conducted by X ray diffraction analysis
and X ray photoelectron spectroscopy for all films.

. Compositional analysis was done using energy dispersive spectroscopy and
thin film thickness was calculated using optical profilometer.

. Electrical behaviour was studied using Hall measurements and morphological
studies by atomic force microscopy and scanning electron microscopy.

. The resistivity of ITO films was found to be less, along with a higher carrier
concentration, compared to tin (IV) oxide films. Also optical studies reveal
much higher transmittivity of above 90% in the visible range of
electromagnetic spectra for the 1TO films, compared to ~ 80% for the SnO,
films under same experimental conditions.

. Taking all aspects of a good TCO into consideration and for the realisation of
practical transparent electronic circuits, ITO was chosen for the rest of our

studies.
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5.1 Introduction

Highly transparent, p-type conducting crystalline thin films have recently
gained remarkable attention in the field of active devices, especially in the
optoelectronics technology, known as *‘Invisible Electronics" [1]. Even though
TCOs have wide range of applications, very little work has been done on active
device fabrication using TCOs. This is because TCOs currently used are largely n-
type, but complementary p-type TCOs, essential for junction devices, is not much
popular [2].

In 1997, Kawazoe et al. from Tokyo Institute of Technology, Japan, reported
p-type conductivity in a highly transparent thin film of copper aluminium oxide
(CuAlOy) [3]. This has opened up a new field in optoelectronics device technology,
the so-called transparent electronics or invisible electronics, where a combination of
n and p-TCOs in the form of a junction could lead to a functional window, which
transmits visible portion of solar radiation and simultaneously generates electricity

by the absorption of UV radiation [4].

Semitransparent p-type conducting thin film of nickel oxide (NiO) was
reported by Sato et al. [5] which had almost 40% transparency in the visible region.
They also fabricated a TCO diode of the form p-NiO/i-NiO/i-ZnO/n-Zn0O, but the
transparency was very low; only about 20%. This was not favourable for device
applications; nevertheless it was an important milestone in the development of TCOs
and optoelectronics technology. The applications of TCOs are based on the fact that
the material possesses a wide band gap, and hence visible photons cannot excite
electrons from valence band to conduction band [6]. But they possess enough
energy to excite electrons from donor level to conduction band (for n-type TCO) or
holes from acceptor level to valence band (for p-type TCO). These acceptor or donor

levels are created in TCOs by introducing non-stoichiometry or appropriate dopants.

Intense works are going on in this direction to fabricate new p-TCOs by
various deposition techniques and for proper understanding of their structural,
optical and electrical characteristics. Non-stoichiometric and doped versions of
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many novel p-type transparent conducting oxides (p-TCO) with improved optical
and electrical properties have been synthesized in the last few years.

In this work, we explore two different p-TCO films, for the fabrication of all-
transparent active devices such as hetero junction diodes. We have selected copper
(1) oxide or cupric oxide and indium doped copper oxide as p-type TCOs. This
chapter deals with detailed structural, optical and electrical investigations on these

two materials.

5.2 Copper oxide

#
-

Figure 5.1 Crystal structure of CuO and Cu,O

There exist two stable forms of copper oxide, namely, cupric oxide, CuO and
cuprous oxide Cu,0 as in figure 5.1. Cupric oxide (CuO) has a preferred monoclinic
tenorite structure, in which each copper atom is co-ordinated to four co-planar
oxygen atoms at the corners of a parallelogram. It is a p-type transition metal oxide
and the conductivity is mainly contributed by copper vacancies [7]. The direct band

gap is in the range of 1.2 - 2.1 eV, depending on the deposition methods.

Cuprous oxide (Cu,0) or cuprite has a cubic structure in which each oxygen
atom is enclosed by a tetrahedron of copper atoms and each copper atom is
coordinated to two oxygen atoms, forming linear units. It is a p-type conducting
material with optical band gap ranging from 2.1-2.6 eV. It is usually difficult to
obtain a single phase CuO, without mixtures of Cu, CuO and cuprous oxide (Cu,O)
phases [8]. Multi phased CuO crystalline thin films with atmospheric-pressure CVD
and sol-gel-like methods were reported previously [9, 10]. Similarly multi phases
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were obtained by reactive sputtering of copper target under different growth
conditions [11].

In this work, we report the growth and characterizations of CuO thin films on
quartz substrate by radio frequency (RF) magnetron sputtering method in two ways.
The first is by using a CuO target under oxygen free environment and the second by
using a metallic copper target under reactive sputtering in oxygen environment.
Detailed investigations on the structural, optical and electrical properties of the

deposited films were conducted.
5.2.1 Electronic structure and transparent conducting properties

Successful introduction of holes by substitutional doping or producing non-
stoichiometry within a material causes strong localization of holes at oxygen 2p
levels or upper edge of the valence band due to the high electronegative nature of
oxygen. This localization is due to the ionicity of metallic oxides. O 2p levels lie far
lower than the valence orbit of metallic atoms, leading to the formation of a deep
acceptor level by the holes [12]. These holes have high probability to be localized
around the oxygen atoms and hence they require high energy to overcome a large
barrier height to migrate within the crystal lattice, resulting in poor conductivity and
hole mobility. This can be resolved by making metal-oxygen bonds induce the
formation of an extended valence band structure, i.e. modification of the valence
band edge by mixing orbitals of appropriate counter cations with filled levels having
energies comparable to the O 2p level. This would reduce the strong coulombic

force by oxygen ions thereby delocalizing the holes.

The unavailability of p-type TCOs are due to the difficulty in their design
owing to their electronic band structures [13]. The valence band maximum should
have a low effective mass to give shallow acceptor levels, which is hard to achieve
in practice. The closed shell could be s? or p° system; the common being a p® system.
The complexity is due to oxygen 2p states which forms non-bonding levels at the
top of the valence band. Non-bonding states always have a high effective mass and
if the bond ionicity is large, they may possess larger mass [14]. This can be resolved

by using a cation with closed shells and are degenerate with oxygen 2p states.
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Copper and silver compounds with delaffosite structures can be used as p-
TCOs since they have appropriate d*° states. The metal states interact with some of
the O 2p states, pushing up a more dispersive band above the non-bonding O 2p or
Cu 3d states. This band has a lower effective mass. Visible photons (2.1-3.1 eV) do
not have enough energy to excite electrons from valence band to conduction band,
but have enough energy to excite holes (for p-type) from acceptor level to valence

band or electrons (for n-type) from donor level to conduction band.

5.3 Results and discussion

The sputter deposition of p-type conducting copper oxide films were
performed as two separate experiments; one by varying the sputter power and
second by varying the substrate temperature. Detailed structural, morphological,
optical and electrical characterisations were performed and the results are discussed

in the subsequent sections.

0.8 —a— Copper Metallic Target
1 —x— Copper Oxide Target
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Figure 5.2 Yield of sputtering of CuO thin films

The rate of deposition have been studied for a wide range of sputter powers
and optimised. Figure 5.2 shows the variations in yield of radio frequency
magnetron sputtering at various ion energies. The optimum experimental parameters

followed during deposition in our work is given in table 5.1
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Table 5.1 Experimental parameter details used for sputtering process

Target (|) CuO target. in oxyg.en free atmosphere
(if) Cu metallic target in oxygen atmosphere
Substrate Quartz
Target—substrate distance 70 mm
Deposition (Ar) pressure 4x102 m bar
Base pressure 1x10° m bar
Deposition time 30 minutes
RF power (W) 60-200 W
Substrate temperature 25°C - 200°C

5.3.1 X-ray Diffraction

XRD analysis was carried out using Integrated Powder X-ray Diffraction
software (PDXL) complemented by the database, International Centre for
Diffraction Data (ICDD-2012).
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Figure 5.3 XRD pattern of CuO films with varying (a) sputter power
and (b) substrate temperature using oxide target
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Figure 5.3(a) exhibits the room temperature X-ray diffraction pattern of CuO
thin films sputtered using oxide target at a substrate temperature of 150° C for 30
minutes at sputter powers ranging from 60-200W and figure 5.3(b) shows that
sputtered at 140W for 30 minutes with varying substrate temperature. The resulting
plots are stacked by y-offset intensities and it confirms the polycrystalline nature of
thin films.

In XRD pattern, the reflections from (111) plane at 20 value 38.61°
corresponds to the most preferred orientation of CuO monoclinic structure with
JCPDS card number 01-080-1916, space group Cc9. But smaller peaks can be
observed (marked with *), which can be identified as reflections from the (200) and
(220) planes of cubic Cu,O structure with card number 05-0667. When oxide targets
are used for sputtering in oxygen free environment, there are chances of forming
Cu,0 along with CuO [15, 16]. The amount of oxygen may be lesser, leading to
less favoured formation of CuO. However, formation of CuO have been observed

from XRD and confirmed by XPS spectra.
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Figure 5.4 XRD pattern of CuO films with varying (a) sputter power and (b) substrate
temperature using metallic target

In the XRD pattern of films sputtered using a metallic target in oxygen
ambience (figure 5.4), the peaks corresponding to Cu,O phase are absent, indicating
the formation of phase pure CuO structure. The reflections from (111) plane is
observed. In this case, since the reaction chamber is filled with oxygen, the Cu,O

formed must have oxidised to CuO as follows,

2CU0 +O7 — 4CUO.ovvvverrreseereee (5.1)
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5.3.2 Scanning Electron Microscopy

Figure 5.5 SEM images of CuO films sputtered using oxide target at powers (a) 60W, (b)
100W, (c) 140W and (d) 200W

SEM images of the samples sputtered using oxide target at various RF
powers at a substrate temperature of 150°C are shown in figure 5.5, under same
magnification. As the sputter power is increased, there is increase in the crystallite
size, homogeneity and uniformity of the thin films. This may be due to the amplified
surface diffusion of ad-atoms owing to their higher mobility. Films sputtered at
140W and below showed large crystallites scattered on the substrates but, at 200W,
they exhibit uniformly distributed grains. At higher powers, conglomerates of
smaller grains can be observed, which may be the result of greater energy imparted
to the ions [4].

Figure 5.6 shows the films sputtered using oxide target at different substrate
temperatures and at a sputter power of 140 W. At room temperature (25°C), the film
appears non-homogeneous, probably due to less adhesion to the substrate, whereas,
at higher temperatures, it shows good homogeneity and uniformly distributed grains.
Using metallic target under oxygen ambience yields films that are more
homogeneous, which is observed from the SEM images in figures 5.7 and 5.8. The
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uniformity of films increases with increase in sputter power and substrate

temperature.

Figure 5.6 SEM images of CuO films sputtered using oxide target at substrate temperatures
(a) 25°C (b) 100°C (c) 150°C and (d) 200°C

Figure 5.7 SEM images of CuO films sputtered using metallic target at a substrate
temperature of 150°C and powers (a) 60W, (b) 100W, (c) 140W and (d) 200W
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At room temperature (25°C) the crystallites are observed to be small when
compared to that at higher temperatures. This may possibly be due to the
enhancement in crystallinity at higher temperatures.

Comparing all the SEM images, it can be observed that the homogeneity of the
thin film samples is much higher for those fabricated using metallic target in oxygen
atmosphere. This may be due to the higher density of metal target used. For display
applications, films with greater uniformity are preferred and hence, sputtering of

metal target under oxygen atmosphere may be preferred.

Figure 5.8 SEM images of CuO films sputtered using metallic target at 140 W sputter
power and substrate temperatures (a) 25°C (b)100°C (c) 150°C and (d)200°C

5.3.3 Energy dispersive spectra

Figure 5.9 (a) and (b) shows the EDS spectra of CuO films sputtered at
150°C and 140 W using oxide target and metallic target respectively. The EDS
spectra confirm the presence of copper and oxygen in both the samples. The

presence of trace amounts of carbon impurity can be identified in the EDS spectra of
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samples using oxide target, whereas it is absent in films sputtered using metallic
target.
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Figure 5.9 EDS spectra of the thin films sputtered using (a) oxide target and
(b) metallic target

5.3.4 Atomic Force Microscopy

The 2D and 3D atomic force micrographs of films sputtered using oxide
target and metallic target at substrate temperature of 150°C and different sputter
powers are given in figures 5.10 and 5.11. Micrographs of films sputtered at
different substrate temperatures for both targets are not included in this thesis.
However the RMS surface roughness calculated from the AFM are tabulated in table
5.2 and 5.3. The uniformity of films increased with sputter power and substrate
temperature. However the surface roughness were found to be lower for the films
sputtered using copper metallic target compared to oxide target fabricated under
similar conditions. RMS surface roughness was computed as variations in height
profile of the films. Similar to the previous reports, due to increase in thickness and
surface energy of ad-atoms, surface roughness was found to increase with sputter
power as well as substrate temperature in both cases. Also, the 3D AFM images
confirm the homogenous distribution of grains and dense growth of crystallites with
increase in sputter power and substrate temperature. Similar results were obtained

using Scanning Electron Microscopy.
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Figure 5.10 2D and 3D AFM images of CuO films using oxide target at powers (a) 60W, (b)
100W, (c) 140W and (d) 200W
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a0

Figure 5.11 2D and 3D AFM images of CuO films using metallic target at (a) 60W, (b)
100W, (c) 140W and (d) 200W
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Table 5.2 RMS roughness variations of films sputtered using oxide target with (a) sputter

power and (b) substrate temperature

Studies on p-type transparent conducting oxides

(a) (b)
Sputter power RMS Substrate RMS
(W) (nm) temperature (nm)
60 2.422 25°C 2.135
100 2.555 100°C 2.555
140 2.609 150°C 2.609
200 2.725 200°C 2.694

Table 5.3 RMS roughness variations of films sputtered using metallic target with (a) sputter

power and (b) substrate temperature

(a) (b)
Sputter power RMS Substrate RMS
(W) (nm) temperature (nm)
60 1.042 25°C 1.006
100 1.154 100°C 1.163
140 1.264 150°C 1.264
200 1.731 200°C 1.412

5.3.5 Transmission Electron Microscopy

The TEM images of CuO film sputtered using metallic target in oxygen
ambience at 150°C substrate temperature at sputter power of 140W under different
magnifications are shown in figure 5.12 (a), (b) and (c). This film was chosen in
particular since these deposition parameters were found to be optimum for
enhanced TCO properties. It shows the highly smooth surface, which is the cause
for high optical transparency of the films. Figure 5.12 (d) gives the SAED pattern
of the sputtered films. The bright rings indicate the polycrystalline nature of the
films. The d-spacing of the most prominent peak from the (111) plane of the films
computed using SAED pattern and that generated by XRD are tabulated in table
5.4.

130



Chapter 5 Studies on p-type transparent conducting oxides

Table 5.4 Comparison of d-spacing from TEM and XRD

Parameter SAED XRD
d-spacing (111) plane 0.218 nm 0.233 nm

Figure 5.12 TEM images at (a) low resolution, (b) and (c) high resolution and

(d) SAED pattern of CuO films

5.3.6 Optical Profilometry

The optical profile of the films was acquired by making a profile on the
surface by masking during fabrication. Figure 5.13 (a) and (b) shows the 2D optical
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profile and 3D optical profile of CuO film sputtered at 150°C and 140 W using a
metallic target. The line profile of the CuO films sputtered using metallic target is
shown in figure 5.13 (c), which gives us the approximate thickness of the film as
0.214 um. 2D and 3D optical profile of CuO film sputtered using oxide target at
150°C and 140 W can be seen in figure 5.14 (a) and (b) respectively. Its line profile
is also provided in figure 5.14 (c). We have obtained approximate thickness of the

film as 0.8944 um when sputtered using oxide target.
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Figure 5.13 (a) 2D Optical profile, (b) 3D Optical profile and (c) line profile of CuO film
sputtered at 150°C and 140W using metallic target
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Figure 5.14 (a) 2D Optical profile, (b) 3D Optical profile and (c) line profile of CuO film
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The films formed by sputtering metallic targets were observed to be
smoother compared to those from oxide targets. The results obtained were in

agreement with SEM and AFM images.

5.3.7 Hall measurements

The conductivity of the sputtered thin films were analysed by Hall
measurements. It is observed that the sputter power and substrate temperature during
sputtering has a significant influence on the electrical properties.

Table 5.5 Variations of electrical characteristics with sputter power for the films
sputtered using oxide target

Sputter power | Charge carrier concentration |  Mobility Resistivity
(W) (lem®) (cm?/Vs) (Q cm)
60 1.358x10% 12.89 35.66
100 3.01x10"° 7.662 27.07
120 2.44x10" 1.511 16.93
140 3.286x10" 1.318 14.41
200 9.038x10" 4.68 1.48

Table 5.5 demonstrates the variations of charge carrier concentration,
resistivity and mobility of CuO films with respect to sputter power (substrate
temperature 150°C). It is observed that the carrier concentration increases almost
linearly with the sputter power and at 200W the film concentration reaches
9.038x10*/cm®, with a resistivity of 1.48 Q cm while at 60W, it is only
1.358x10"°/cm® with a resistivity of 35.66 Q cm.

As the concentration of charge carriers increase, there is a decrease in their
mobility. Hence the mobility of charge carriers follows an inverse relation with
sputter power as well as substrate temperature. The most important electrical
property- the resistivity of thin films was found to have an inverse relation with
sputter power. The possible factors that contribute to higher resistivity of films

sputtered at lower powers are size effects and reduced diffusion due to lesser surface
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mobility, as a result of lower energy of ad-atoms [17]. Lower surface mobility at
lower sputter powers results in films with lesser crystallinity, as observed from XRD
and this contributes to the increased film resistivity.
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Figure 5.15 Variation of (a) carrier concentration and resistivity and (b) mobility of films
sputtered using oxide target with sputter power

Figures 5.15 (a) and (b) show the carrier concentration, resistivity and
mobility variations with sputter power obtained from the Hall measurements of the
sputtered films. The decrease in resistivity with RF power largely results from the
increase in carrier concentration. With higher RF power, sputtered target atoms with
higher kinetic energy arrive at the substrate, leading to increased local bonding and
consequently, these films acquire a more ordered microstructure with less defects,

resulting in enhanced carrier concentration and lower resistivity.

Table 5.6 Variations of electrical characteristics with substrate temperature for the

films sputtered using oxide target

Substrate Charge carrier concentration Mobility Resistivity
temperature (/lem?) (cm?Vs) (Q cm)
25°C 1.552x10™ 32.98 42.20
100°C 8.90x10% 1.875 37.40
150°C 3.286x10" 1.318 14.41
200°C 3.309x10" 6.116 3.086

Table 5.6 shows the variations in charge carrier concentration, resistivity and
mobility of CuO films sputtered using oxide target with substrate temperature
(sputter power 140 W).
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Figure 5.16 Variation of (a) carrier concentration and resistivity and (b) mobility of films
sputtered using oxide target with substrate temperature

Figures 5.16 (a) and (b) show the carrier concentration, resistivity and

mobility variations with substrate temperature obtained from the Hall measurements

of the sputtered CuO films using oxide target.

Similar variations were observed for the films sputtered using copper

metallic target. But the value of resistivity was found to be higher for these films

compared to films sputtered using oxide target under similar conditions.

Table 5.7 Variations of electrical characteristics with sputter power for the films
sputtered using metal target

Sputter power | Charge carrier concentration Mobility | Resistivity
(W) (/lem®) (cm?/Vs) (Q cm)
60 1.902x10"™ 10.008 325.6
100 4.394x10™ 4,522 314.2
120 1.34x10% 7.56 61.6
140 1.811x10" 18.08 19.06
200 2.974x10" 1.662 12.63

The variations of carrier concentration and resistivity of these films with
sputter power and substrate temperature have been tabulated in table 5.7 and 5.8

respectively. At highest sputter power of 200W, the resistivity was found to be 12.63
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Q cm using a metallic target. This may probably be due to the oxygen deficiencies

created in the films during sputtering process.

Table 5.8 Variations of electrical characteristics with substrate temperature for the
films sputtered using metal target

Substrate Charge carrier concentration Mobility Resistivity
temperature (/lem®) (cm?/Vs) (Q cm)
25°C 6.966x10™ 61.1 146.7
100°C 7.662x10% 26.1 31.21
150°C 1.811x10%° 18.08 19.06
200°C 7.11x10%° 2.597 13.80
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Figure 5.17 Variation of (a) carrier concentration and resistivity and (b) mobility of films
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The variation in carrier concentration and resistivity of CuO films sputtered
using metal target with sputter power is shown in figure 5.17 (a). Figure 5.17 (b)
depicts the variation in mobility with sputter power for these films. Figure 5.18 (a)
and (b) illustrates the variation in charge carrier concentration, resistivity and

mobility of CuO films sputtered using metal target with substrate temperature.

5.3.8 UV-Visible spectroscopy

All CuO films sputtered using oxide target exhibit an average transmittance
over 70% in the visible region and a strong absorption in the UV region. The
maximum average transmittance is observed for the films deposited at 60W using
oxide target with transmittance above 85% and the film with maximum thickness,
sputtered at 200W exhibited low transparency of ~ 65%. The absorption edge of

thin films corresponds to electron transitions from valance band to conduction band.

The variations in optical transmission of the films using oxide target at
substrate temperature 150°C with sputter power is shown in figure 5.19 (a) and it
exhibits an overall decrease, which may be caused by the increase in light scattering
as the grain size increased and increase in thickness of films with sputter power.
Figure 5.19 (b) shows the transmittance variation with increase in substrate
temperature during deposition (at sputter power 140 W). The films deposited at
200°C showed the least transmittance and films at 100°C showed the maximum

transparency in lower wavelengths.
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Figure 5.19 Optical transmission spectra of CuO films at different (a) sputter powers and
(b) substrate temperatures using oxide target
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Figure 5.20 Optical transmission spectra of CuO films at different (a) sputter powers and
(b) substrate temperatures using metallic target

Figure 5.20 shows the optical transmission variations with (a) sputter power
and (b) substrate temperatures for the films sputtered using metallic targets under
similar conditions. It also followed similar pattern to that observed in films sputtered
using oxide target.

The band gap of the films was estimated from the Tauc plot (not included in
this chapter), assuming parabolic band structure, as discussed in Chapter 3. It is
observed that the band gap increases with RF power and substrate temperature, as
tabulated in table 5.9 and 5.10. It can be seen from the Hall measurements that the
carrier concentration increases correspondingly with power and temperature of
substrate during deposition. The enhancement in band gap is due to the Burstein-

Moss effect at high carrier concentrations.

Table 5.9 Variation in band gap with (a) sputter power and (b) substrate temperature for

oxide target

(@) Sputter power (W) Band gap (eV)
60 1.25
100 1.37
120 1.55
140 1.83
200 2.01
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(b) Substrate temperature Band gap (eV)
25°C 1.68
100°C 1.71
150°C 1.83
200°C 1.87

Table 5.10 Variation in band gap with (a) sputter power and (b) substrate temperature for

metallic target

(@) Sputter power (W)

Band gap (eV)

60 1.82
100 1.86
120 1.95
140 2.06
200 2.23

(b) Substrate temperature

Band gap (eV)

25°C 1.97
100°C 2.04
150°C 2.06
200°C 2.21

The influence of band gaps on crystallization states as discussed earlier was
verified by Tauc plot. Slightly enhanced band gap have been noted for films
sputtered using metallic targets, as observed in table 5.10.

5.3.9 X ray Photoelectron Spectroscopy

The X-ray photo emission spectra of the CuO thin films are recorded in the
same conditions described in the previous sessions. The films sputtered at 140 W
and 150°C using oxide target were chosen for the XPS studies. The surface analysis
is crucial due to the unstable ionic state of copper (+1 and +2), and is significant

since the electronic conduction mechanism can be revealed based on its
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configurations with oxygen. The oxygen deficiency on the film surface contributes

mainly to the conduction mechanism.
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Figure 5.21 Carbon 1s spectra for XPS calibration of CuO spectra

In order to have a deep insight into this, the elemental spectra of Cu and O
were recorded by narrow scanning and detailed wide spectra for tracing the presence
of any other impurity contents. The spectra were calibrated by recording C1s core-
level spectrum at 284.6 = 0.1eV. Since the charging effect of Cl1s calibration is
standardized at 284.5eV in this report, the spectra of all elements will appear
apparently at an energy difference of -0.10eV. Figure 5.21 shows the calibrated

spectra of C1s.
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Figure 5.22 Survey scan spectrum of CuO films
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Figure 5.22 indicates the detailed surface scan of the film. The spectrum is
composed of intense peaks of elements copper and oxygen only. But trace of carbon

was detected, but not predominant enough to exhibit any remarkable properties.
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Figure 5.23 Narrow scan analysis of copper in sputtered CuO films

The Cu 2p spectra in figure 5.23 appear complicated due to the shape of
peaks and shake-ups in satellite peaks. Cu 2p components were split into two
Gaussian shapes indicative of multiple oxidation state. The spectra constitutes
doublet lines centred at 933.85 eV and 953.55eV corresponding to Cu 2ps, and Cu
2p1s2 , along with well-defined shake-up broad satellite lines observed between 6 and
10 eV distance apart from the asymmetric Cu 2ps; line. The peak at 933.85eV
assigned as Cu 2ps emission, constitutes multiple components because of its
multiple ionic state with oxygen. Hence, the Cu 2ps;, spectra is fitted into two
components and as indicated, the spectral line with high core level intensity at

934.45eV is due to Cu (+1) state.

The XPS peak of Cu 2p;, core level is also deconvoluted into two binding
energy curves at 953.14 eV and 954.44 eV, confirming the presence of CuO and
Cu,0 states respectively. The presence of Cu in its dual state could certainly affect
the conduction mechanism in transparent conducting thin films; the materials are
likely to exhibit p-type conduction. This XPS spectrum is consistent with previous

reports on copper oxide [18].
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The major peaks are accompanied by strong shake up satellite peak present
between 940 eV — 945 eV. This is regarded as a characteristic feature of the Cu (1)
state. The low intensity spectral line at 932.45eV is due to the Cu (+2) on the
surface. O 1s peaks in figure 5.24; provide complementary information on different
components. The spectrum constitutes three different spectral components at
529.62eV, 531.13eV and 531.87eV.
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Figure 5.24 Narrow scan analysis of oxygen in sputtered CuO films

O 1s spectra typically appear complex in shape due to its various ionic states
and hydroxyls present on film surface. Figure 5.24 shows the O 1s spectra of CuO
thin films, fitted with multiple components showing Gaussian shapes related to
Cu?-0 binding, Cu**-O binding and hydroxyl species. The components are
illustrated in figure, Cu?*- O bonding appears first and large area is attributed for
Cu'*- O state, as expected there are O-H groups on the surface (indicated at 531.87
eV). The presence of relatively large amount of Cu'* ions on the surface of thin
films will enhance the p-type electrical conduction in thin films. The results of

electrical studies authenticate these results [19].

5.3.10 Optical transparency of the film

Figure 5.25 shows the actual photograph of the sputtered CuO thin film at

150°C and 140 W sputter power, showing the transparency of the films in normal
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day light. It can be observed that sputtered films using both targets exhibit almost
the same transparency.

() (b)

Figure 5.25 Actual photographs of CuO films sputtered at 150°C and 140W using

(a) oxide target and (b) metal target

5.4 Copper Indium oxide (CIO)

Copper oxides have been investigated by researchers as semiconducting
materials for photovoltaic applications owing to their unique optical and electrical
properties. But the complexity in regulating its electrical properties is the main
limitation for use in realistic functions. By introducing cations at
crystallographically identical sites of transition metal oxides, high conductivity can
be achieved [20]. The substitution of Cu in CuO with lithium, forming defect
structures and oxygen deficiencies and their influence on the transport properties
have been studied [21, 22]. However, the effect of incorporating a group I11 element
in CuO lattice needs to be studied in detail and in this work; we have chosen indium

to be incorporated in CuO.

5.4.1 Electronic structure and transparent conducting properties

The complex relation between the electrical and optical properties and
structure of a material should be known for increasing its conductivity and
transparency. Copper based delaffosite structures are well known for their p-type
conductivity [23]. Indium incorporated copper exhibits bi-polar dopability, i.e., it
can be doped to achieve both n and p-type conductivity. The reason was explained
as due to the low conduction band minimum and high valence band maximum in

CulnO; [24]. Cu-In-O system can exist in two phases- Cu,In,Os [25] and CulnO..
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Reaction enthalpy calculations of Cu,O, In,O3 and CulnO,, yield that the formation
energy of CulnO;is 0.056 eV, much higher than Cu,O and In,O3 [26]. Hence it is
difficult to synthesise phase pure CulnO; by solid state reactions; it is likely to find
residual Cu,O and In,O3 in the compound. The enhancement of p-type conductivity
by the incorporation of a I1l group element is unexpected, since it should result in
reduction of net concentration of holes and hence a reduction in conductivity.
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Figure 5.26 Crystal structure of Copper Indium Oxide

Figure 5.26 gives the delaffosite crystal structure of Cu-In-O system. Copper
and indium are two significant elements having stable cations with (n-1) dio n Sp
configuration in the periodic table. Materials with the delaffosite structure AMO;
(where A is a mono valent ion, such as Cu” and Ag* and M is a trivalent ion, such as
AP Ga*, In**, cr**, Fe*, Co® etc.) have been investigated earlier as p-type
conducting transparent conductors. The structure involves stacking of O-A-O
dumbbell layer and a layer of edge sharing MOg octahedra alternately. The oxide
ions form a “pseudo tetrahedral” arrangement as M3-A-O, causing a decrease in the
non-bonding nature of oxide ions and hole delocalisation at the valence band edge
[27]. The layered structure involving the AO, dumbbell significantly cuts down the

level of cross-linking of A-ions resulting in the rise of band gap [28].
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5.5 Results and discussion

Transparent p-type conducting copper indium oxide (here after referred as
CIO) thin films were deposited on quartz substrates using commercially available
CulnO, metallic target (99.99% pure) with 3mm thickness and 4.8cm diameter.
Detailed optical, electrical and morphological studies were conducted, as detailed
below. The variations in their properties due to sputter power and substrate
temperature are also explored and discussed.
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Figure 5.27 Yield of sputtering of CIO thin films

The films were fabricated by radio frequency magnetron sputtering and the
yield obtained as a ratio of rate of deposition and the energy of ions is given in
figure 5.27. It can be observed that as the ion energy increases, there is a sharp
increase in the rate of deposition of the films. Table 5.11 gives the experimental
parameter details used for sputtering process.

Table 5.11 Experimental parameter details used for sputtering process

Target CIO target
Substrate Quartz
Target—substrate distance 60 mm
Deposition (Ar) pressure 4x10 m bar
Base pressure 1x10® m bar
Deposition time 30 minutes
RF power (W) 60-200 W
Substrate temperature 25°C - 200°C
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5.5.1 X-ray Diffraction

The indexed XRD spectra of the sputtered p-CIO thin films at various sputter
powers and substrate temperature 100°C are shown in figure 5.28 (a).
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Figure 5.28 XRD pattern of CIO films with varying (a) sputter power and (b) substrate
temperature

Sputtering at 60W resulted in less crystalline films, as can be seen from the
XRD patterns. The intensity in peaks and therefore the crystallinity is found to
increase with sputter power. The delaffosite structure characterized by 101 plane
becomes more prominent at higher sputter powers. Also, the peaks at 26 values
21.28°, 35.24 ° and 43.07° (marked by * in the figure) were not observed in the films
sputtered at low power. At 200W, all the major peaks can be observed due to
enhanced crystallinity. The film can be considered to be in a mixed phase of tenorite
structured CuO and In O3 and delaffosite CulnO.,. It is obvious that sputter power
has a significant influence on the crystalline nature of the films. This can be
attributed to the enhanced surface mobility of adsorbed target atoms (ad-atoms) with
increase in sputter power. The energy of inert Ar ions from sputter gas increases,
thereby providing more Kkinetic energy to the ad-atoms. These ad-atoms diffuse from
the surface of the target towards the substrate, thus forming highly crystalline films.
The rise in Ar ion energy also results in enhanced rate of deposition. Figure 5.28 (b)
shows the XRD pattern of films sputtered at 150W and various substrate
temperatures.

5.5.2 Scanning Electron Microscopy

SEM images of the sputtered CIO films at 100°C show the uniform and
homogeneous distribution (figure 5.29) at higher powers, similar to CuO films. The
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increase in sputter power results in considerable variation in the packing and
arrangement of particle on the surface of substrates. Variation of surface
morphology with substrate temperature at constant sputter power of 150W is shown

in figure 5.30.

X

Figure 5.29 SEM images of CIO films sputtered at powers (a) 60 W, (b) 100 W, (c) 150 W
and (d) 200 W

i s wyvamaan —3 ol wesameen

Figure 5.30 SEM images of CIO films sputtered at substrate temperatures (a) 25°C,
(b) 100°C, (c) 150°C and (d) 200°C
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5.5.3 Atomic Force Microscopy

Figure 5.31 2D and 3D AFM images of CIO films at powers (a) 60W, (b) 100W, (c) 150W
and (d) 200W
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Figure 5.31 shows the atomic force micrographs of the samples. The degree
of homogeneity and density of packing are seen to increase with sputter power, due
to reasons discussed earlier. The substrate temperature was maintained constant at
100°C. The RMS surface roughness of the films showed an increasing tendency with
sputter power. The results obtained are tabulated in table 5.12 and it is found to be
higher than that of CuO films.

Table 5.12 RMS roughness variations of CIO films with sputter power

Sputter power RMS
(W) (nm)
60 2.635
100 3.099
150 3.601
200 4.044

5.5.4 Optical Profilometry
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Figure 5.32 (a) 2D Optical profile, (b) 3D Optical profile and
(c) line profile of the CIO film

149



Chapter 5 Studies on p-type transparent conducting oxides

The smoothness and uniform distribution of the coating can be observed in
the optical profile of CIO thin films shown in figure 5.32. Thickness of the film
sputtered at 100°C and 150 W was found to be 52.64 nm from the line profile of the

films. The results obtained were in agreement with the observed results of SEM and

AFM.

5.5.5 Hall measurements

Hall

measurements on the p-type CIO films

revealed the carrier

concentration, conductivity and mobility of charge carriers as shown in table 5.13.

Table 5.13 Variation of electrical properties with (a) sputter power and
(b) substrate temperature

(a)
Sputter power | Charge carrier concentration Mobility Resistivity
(W) (lem?) (cm?/Vs) (Q cm)
60 2.825x10" 5.883 3.755
100 3.882x10" 2.602 6.181 x10™
150 1.225x10% 5.819 x102 | 8.76 x107
200 1.332x10% 0.3218 1.457 x1072
(b)
Substrate Charge carrier concentration Mobility Resistivity
temperature (lem®) (cm?/Vs) (Q cm)
25°C 7.088x10" 0.2331 3.778
100°C 1.225x10% 5.819 x102 | 8.76 x107
150°C 7.65x10% 2.429 3.359 x10%
200°C 6.206x10% 2.139x10% | 4.703 x10°®

The main challenge in getting adequate conductivity in p-type TCOs is the
reduction of localization behaviour of positive holes at the valence band edge of
oxide materials. A hole introduced in the lattice localizes on a single oxygen atom,
which becomes immobile within the crystal lattice, even under the application of
external electric field, since the 2p energy levels of oxygen atoms are low compared

to valence orbitals of metal atoms [27]. The possible solution to this phenomenon is
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to make the uppermost closed shell energy level of metallic cation equivalent to 2p
energy level of oxide ions. The closed shell energy level of Cu* ions is almost
similar to that of 2p oxides and hence the superior conductivity of sputtered CuO

and CI1O films we obtained may be attributed to this phenomenon [28].
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Figure 5.33 Variation of (a) carrier concentration and resistivity and (b) mobility of films
with sputter power

Hall measurements confirmed the p-type conductivity of CIO films and
showed the decrease in resistivity from 3.755 Q cm to 1.457 x 10% Q c¢m with
increase in sputter power 60 W to 200 W during sputtering. Also the carrier
concentration was found to be much higher than that obtained for CuO. Hence, the
incorporation of In®* has a significant influence on electrical properties of the films.
Figure 5.33 (a) depicts the influence of sputter power variation on charge carrier
concentration and resistivity for Cl1O films. Mobility variation with sputter power
for the CIO films is depicted in figure 5.33 (b).
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Figure 5.34 Variation of (a) carrier concentration and resistivity and (b) mobility of films
with substrate temperature
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Figure 5.34 (a) and (b) illustrates dependence of carrier concentration,
resistivity and mobility of sputtered CI1O films on substrate temperature.

5.5.6 UV-Visible Spectroscopy

The optical transmission spectrum shows a reasonably high transmission of
visible light through the films. In the case of copper (Il) oxide, the d-d transitions in
Cu®* ions obstruct optical transmittance in the visible range. But in In,O; a
transmission of >90% in visible range is usually observed [29]. Hence the CIO
films showed a reasonably high transmission. Figure 5.35 (a) shows the optical
transmission spectra of CIO films with varying sputter powers at a constant substrate
temperature of 100°C and the transmission was found to decrease with increase in
film thickness. Films sputtered at 60 W and 100 W showed high transmission. As
the transmission spectrum does not possess enough fringes it was not able to
calculate thickness of films using Swanepoel’s method. In figure 5.35 (b) the optical
spectra with varying substrate temperatures (at constant power 150W) is shown, and
the visible light transmission was found to decrease with temperature. Optical band
gap of the films were determined using Tauc plot (not included here) and the band
gap energies are tabulated in table 5.14.
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Figure 5.35 Optical transmission spectra of CIO films at different (a) sputter powers
and (b) substrate temperatures
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Table 5.14 Variation in band gap with (a) sputter power and (b) substrate temperature

(a) Sputter power (W) Band gap (eV)
60 1.358
100 1.491
150 1.534
200 1.820
(b) Substrate temperature Band gap (eV)
25°C 1.412
100°C 1.534
150°C 1.791
200°C 1.935

The sharp decrease in transmittance observed around 400 nm is due to the
absorption edge. The UV-Visible transmission spectra of the films revealed good
transparency in the visible range but less than that for the CuO films. The optical
band gap thus calculated were found to be 1.358 eV, 1.491 eV, 1.534 eV and 1.82
eV for the films deposited at 60 W, 100 W, 150 W and 200 W respectively. The
band gap was found to be larger than that of CuO, but less than the band gap of
In,03 [30, 31]. Also, since CuO and In,O3 have indirect band gaps, similar band gap
is expected for the CIO system. As the RF power during growth is increased from
60W to 200W, band gap is found to be increased, which may be probably due to the
positioning of atoms in more favourable or stable positions due to the increased RF

power during sputtering, which in turn leads to better adhesion of the films.

5.5.7 X-ray Photoelectron Spectroscopy

The elemental scanning of the surface provide emissions from the Cu 2p, In
3d and O 1s regions. The Cu 2p spectra in figure 5.36 shows significant spectral
asymmetry and shake ups indicating valance instability of copper on the film
surface. It is composed of Cu 2p3, and Cu 2pi, components due to spin orbit

coupling of 2p electrons. Two electronic charge contributions of copper with oxygen
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from CuO (934.27 eV) and Cu,0O (932.25 eV) are observed, which confirms that

they are composed of copper with multiple electronic states.
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Figure 5.36 Narrow scan analysis of copper in sputtered CIO films
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Figure 5.37 Narrow scan analysis of indium in sputtered CIO films

The narrow scan spectra of indium revealed that In 3d peak is composed of
two symmetrical peaks (figure 5.37) that are assigned as In 3ds, and In 3dsp
respectively at binding energy positions In 3ds, 451.67+1eV and In 3ds, at
444.09+1eV. This suggests that indium in the samples are in its most stable +3
oxidation state. The O 1s peak in figure 5.38 is deconvoluted into two components

related to the oxidation state of the cations on the film surface. Instead of showing
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three components from the Cu™*, Cu®* and In** regions, the spectra shows only two
curves when it is fitted. The absences of hydroxides are also noticed. This may be
due to the overlapping of binding energy positions. The survey scan spectra of the

sample sputtered at 100°C and power 150W is shown in figure 5.39.
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Figure 5.38 Narrow scan analysis of oxygen in sputtered CIO films
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Figure 5.39  Survey scan spectrum of CI1O films
5.5.8 Optical transparency of the film

The quantitative average transmittance of the films sputtered at
100°C and 150W can be observed from figure 5.40. It was found to be less
transparent compared to CuO films, as confirmed in the UV-Visible spectra.

155



Chapter 5 Studies on p-type transparent conducting oxides

5.6

ans I = O

Figure 5.40 Actual photograph of CIO films

Conclusions

Highly uniform and crack free p-type conducting thin films of copper (I1)
oxide and copper indium oxide were fabricated on quartz substrate via radio
frequency magnetron sputtering.

The effects of sputter power and substrate temperature during the process on
the fabricated thin films were investigated.

The detailed structural studies were conducted by X ray diffraction analysis
and X ray photoelectron spectroscopy.

Compositional analysis was done using energy dispersive spectroscopy and
surface features were studied by optical profilometer.

Electrical characteristics were investigated by Hall measurements and
morphological studies by atomic force microscopy and scanning electron
microscopy.

The resistivity of CIO films was found to be less, along with a higher carrier
concentration, compared to copper oxide films. But, optical studies reveal
lower transparency in the visible range for the CIO films, compared to CuO
films.

Taking all aspects of a good TCO into consideration, both CuO and CIO
films were used for further studies and realisation of practical transparent

electronic circuits.
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Chapter 6 Fabrication of thin film heterojunctions

6.1 Introduction

Recent researches in the field of semiconductors have led to the development
of several devices making use of p—n junctions and Schottky junction diodes. These
are fabricated using wide-gap semiconductors such as GaN, ZnSe, ZnS and diamond
systems, for applications such as UV detectors and photovoltaic cells [1].
Transparent oxide conductors are more preferable as UV-detectors, since they are
optically transparent in the visible range, environment friendly, non-toxic and
thermally and chemically stable. p—n junction diodes made of silicon with a band
gap of 1.1 eV are currently in wide use for such applications, but since the band gap
of TCOs are greater than that of visible light, i.e., 3.1 eV, junctions based on these

materials are potential candidates for such applications.

Transparent p-n hetero junction diode was first fabricated by Kudo et al. in
1999, which comprised of polycrystalline p-type SrCu,O, and n-type ZnO,
deposited on a glass substrate using pulsed laser deposition technique [2]. The
junction exhibited nonlinear and rectifying 1-V characteristics and a small leakage
current observed in reverse bias. The forward to reverse current ratio was larger than
80 in the voltage range -1.5 to +1.5 V.

In 2001, Hoffman et al. reported p—n hetero junction diodes with p-type
CuYO,:Ca and n-type ZnO [3]. The interface between p-type and n-type
semiconductors is significant, since crystallographic imperfections at the interface
produce leakage currents, which will affect the current rectification behaviour of the
diode. Amorphous p-n junction diodes with p-type ZnO-Rh,03 and n-type In-Ga-
ZnO layers was reported by Narushima et al. in 2003 [4]. Since the interface
between layers was atomically flat, the p-n hetero junction diode exhibited good 1-V
characteristics. Transparent films of ZnO/NiO/ITO were grown onto a (111) YSZ
substrate by PLD combined with solid-phase epitaxy (SPE) by Ohta et al. [5].
Rectifying I-V characteristics with a forward threshold voltage of 1 V and ideality

factor of ~2 was observed.

160



Chapter 6 Fabrication of thin film heterojunctions

In this work, we have fabricated transparent p-n hetero junctions using p-
type materials copper oxide and copper indium oxide and n-type ITO. Thin films of
these materials were deposited using radio frequency magnetron sputtering onto
different substrates. After several trials, we optimised the deposition conditions and
thermodynamic parameters of fabrication to control the charge carrier concentration
and mobility of the sputtered thin films, so as to obtain good |-V characteristics for

the hetero junctions formed.
6.2 Growth of p-n junctions by RFM sputtering

In normal semiconductors, when n and p-type are joined together to form a
junction, interaction takes place at the junction between positive holes in one
semiconductor and free electrons in the other. Free electrons in the n-type material
diffuse the junction transversely and recombine with holes in the p-type material.
Similarly, a few holes in the p-type material diffuse and recombine with electrons in
the n-type semiconductor. This transfer of charge carriers leads to a space-charge

region (depletion layer) at thermal equilibrium.

Silver contacts

P TYPE MATERIAL

N TYPE MATERIAL

Figure 6.1 Schematic diagram of the transparent p-n hetero junction

A p-n hetero junction diode generally exhibits asymmetric current—voltage
(I-V) characteristics. The current-voltage measurement of a normal silicon diode is
performed in dark, whereas, those of transparent oxide semiconductor diodes can be
performed under room light illumination, since they are basically insensitive to
visible light. When a source of electric power is connected across a junction, the
amount of current flow is influenced by the applied voltage polarity. When the
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junction is forward biased, current increases rapidly when the applied voltage
exceeds the built-in electric field, but when the junction is reverse biased, the current
is very low. This current-voltage performance of p-n junctions are utilised for

electric current rectification.

The growth of films and physical properties of the n and p-type transparent
conducting layers, sputtered onto quartz substrates were described in Chapter 4 and
5. After several trials the sputtering conditions were optimised so as to obtain good
I-V characteristics for the p-n hetero junctions. The experiment for the fabrication
on hetero junctions was carried out as two sets. In the first set the p-type material
used was copper oxide (CuO) and in the second, copper indium oxide (CIO) was the
p-type material. The n-type material was indium tin oxide (ITO) for both set of
experiments. After the growth of n-type material on a particular substrate, p-type
layer was sputtered on to its surface in the required area by masking the film surface
using Kapton tapes. Six p-n hetero junction diodes were fabricated on a 5x5cm? area
of the substrate and their I-V characteristics studied. The formation of diodes in each

set of experiments is explained in the next two sections.
6.3 Transparent n-ITO/ p-CuO hetero junctions

Bi-layered n-1TO/p-CuO transparent diode structures were fabricated by
plasma vapour deposition using radio frequency (RF) magnetron sputtering. CuO
layers were sputter deposited onto pre-sputtered ITO coatings. The p-n hetero
junction diodes were highly transparent in the visible region and exhibits rectifying
I-V characteristics with good ideality factor. The substrate temperature and sputter
power during fabrication of p-layer CuO was found to have a profound influence on

1-V characteristics.

6.3.1 I-V Characteristics

The deposition parameters of the n-layer ITO films and p-layer CuO films
were discussed in previous chapters. The n-type ITO generally has a band gap of 3.5

to 4.3 eV and hence highly transparent in visible region. In the UV region, it is
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opaque, with a non zero extinction co-efficient k, due to band-to-band absorption
between conduction and valence band. In IR region also ITO is opaque due to
absorption of free charge carriers. For ITO films, the lowest value for resistivity
was obtained at a substrate temperature of 100°C using a power of 200 W. Hence,
for the fabrication of hetero junctions, the ITO coating was done by keeping these
parameters and all other experimental details followed were similar as discussed
earlier.

CuO having a band gap of 1.2-1.5 eV was used as p-type material in this
hetero junction structure. The hetero junctions were fabricated for p-layer sputtered
at different RF powers ranging from 60 W to 200 W at substrate temperatures of
100°C and 200°C. Based on the measured band gap of CuO and ITO, the energy
band diagram for the equilibrium state of the p-n hetero junction is plotted as in
figure 6.2 using Anderson model. This consideration neglects the vacuum level
continuity and the effects of interfacial states and dipoles. The n-type and p-type
materials have different values for electron affinities and their band gaps. This has
resulted in higher value for valence band offset (AE, = 2.546 eV) compared to
conduction band offset (AE.= 0.9 eV).

qx1=3-2eVI RS I Vacuum level
qye=4.1eV
AE.=0.9eV
Eq1=1.866V Ep
En
Eg.=3.506eV
AE,=2.546eV
p-type (CuO) n-type (ITO)
-X ! X X>
p 0 n

Figure 6.2 Equilibrium energy band diagram of the n-1TO/p-CuO hetero junction diode
fabricated by RF sputtering.
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The current-voltage plot of the films were obtained using a DC probe station
and plotted in figure 6.3. They exhibited good I-V characteristics comparable to that
of normal diodes and shows that the junction is rectifying. The maximum forward
to reverse current ratio is about 60 at 1 V and the turn on voltage varies from 0.34 V
to 0.78 V. For diodes with p-layer deposited at 60 W, the characteristics obtained
were straight line, showing that no diode structure was formed. This may be due to
the lack of recombination of holes and electrons at the junction depletion layer due
to less concentration of charge carriers. With an increase in sputter power, the films
exhibited good I-V characteristics with decrease in the turn on voltage as in figure
6.3 (a), (b) and (c). The films deposited at higher substrate temperature showed
better diode characteristics as in figure 6.3 (d) and (e).

0.02
. ©
100°C
0.00
.1.1.1.1.1...1.1(0:7$V>
d
0.02 | 5000c
888 1 ] ] L. 1(0.'617\/.) L.
’g 150W ©
= 0.01
- L
8 0.00 0.64
g ] ] [ ] ] 1 (1' ) \1/)
© (b)
0.02
0.00 |
002 " 1 | I | | I
@)
0.01 -
0.00
] ] ] ] ] ] ] ] ] ]

00 01 02 03 04 05 06 07 08 09 10 1
Voltage (V)

Figure 6.3 Typical current-voltage plots of the ITO/CuO transparent hetero junctions.
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6.3.2 Ideality factor

The high value of ideality factor in any p-n junction can be attributed to poor
interface and defects at the interface. The hetero junction diode can be modelled in
different bias ranges by a series of diodes and resistances. The ideality factor of
device is the sum of ideality factors of individual junctions and may lead to ideality
factor much greater than two. The diode ideality factor was determined from the
slope of the forward bias In I vs V graph as in figure 6.4.

|=—Siope=20.66 -
Slope=22.22 1731 .
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00 02 04 06 08 10
Voltage, V

Figure 6.4 In I vs Voltage graph of the hetero junction diodes with p-CuO layer sputtered at
(a) 200 W and 100°C and (b) 150 W and 200°C.

The ideality factor obtained for the hetero junction thin film diodes with p-
layer sputtered at 200 W and 100°C substrate temperature was 1.731 and that
sputtered at 150 W and 200°C was 1.862. The carrier concentration of n-type ITO is
large (70.92 x10'® /cm®) and hence Fermi level will be closer to conduction band
minimum while p-type CuO has large hole concentration ( of the order of 10 to
10%*/cm®) and hence Fermi level closer to the valence band maximum. As the p and
n materials are brought into contact, a constant Fermi level will be formed at
equilibrium. The turn on voltage, is less than 1 V and can be attributed to the
existence of large interface defect states. X-ray diffraction studies suggest that both
ITO and CuO films are highly oriented.
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6.4 Transparent n- ITO/ p-ClO hetero junctions

The diode structure fabricated was similar to that in figure 6.1, except that in
this set of experiments, the p-type conducting layer used was copper indium oxide
(CIO). In this set also, the RF power and substrate temperature maintained during
sputtering of p-layer is found to have an influence on the diode characteristics of the
hetero junction. Similar to the first set of experiments, RF power was varied in the
range 60 W to 200 W and temperature of substrate from 100°C to 230°C. The final
junctions formed were highly transparent in the visible spectrum and exhibits good

rectifying I-V plots, characteristic to p-n hetero junction diodes.

6.4.1 |-V Characteristics

qu=3.5eV S b Vacuum level
gy2=4.1eV
AE.=0.6eV
Eq=1534eV Ep
En
E42=3.506eV
AE,=2.572eV
p-type (CI10O) n-type (ITO)
Xp (I) Xn X

Figure 6.5 Equilibrium energy band diagram of the n-1TO/p-CIO hetero junction diode
fabricated by RF sputtering.

The schematic band energy diagram of n-ITO/p-CIO hetero junction (figure
6.5) was constructed using Anderson model, similar to that explained in the earlier
section. In this hetero junction also since the electron affinities and band gaps were
dissimilar, the band energy diagram results in higher value for valence band offset
(AE, = 2.572 eV) compared to conduction band offset (AE; = 0.6 eV). The maximum
forward to reverse current ratio is above 80 at 1 V and the turn on voltage varies

from 0.32 V to 0.79 V, depending on the deposition conditions of the p-layer. In
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this case, even at a low RF power of 60 W, the diodes exhibited rectifying behaviour
with a turn on voltage of 0.79 V. Good I-V characteristics with an increase in sputter
power was obtained and decrease in the turn on voltage was observed as in figure
6.6 (a) and the films deposited at higher substrate temperature showed better diode
characteristics as in figure 6.6(b).

From band diagram, it can be observed that majority carrier concentration in
the region where the two materials form a junction (depletion region) is small. This
is due to the dissimilarity in the Fermi level of the two bands. The turn on voltage, is
less than 1 V in all cases and can be attributed to the existence of large interface
defect states.
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Figure 6.6 Typical current- voltage plots of the ITO/CIO transparent hetero junctions with

(a) varying sputter powers and (b) varying substrate temperatures.

6.4.2 ldeality factor

The slope of graph between forward bias In I vs V is used to determine the
diode ideality factor as in figure 6.7. Table 6.2 gives the values obtained for ideality
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factor and turn on voltage of ITO/CIO hetero junction with varying sputtering

parameters during the fabrication of p-layer. The Fermi level of n-ITO will be close

to the conduction band minimum due to high carrier concentration while the Fermi

level of p-type CIO close to the valence band maximum, since it possess large hole

concentration. As these p and n-type materials are connected, a constant Fermi level

is formed at equilibrium. The diodes obtained by sputtering p-CIO layer on n-ITO

layer at various sputter powers with constant substrate temperature 100°C and

various substrate temperatures at a constant sputter power of 150 W are used in this

study.
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Figure 6.7. In 1 Vs Voltage graph of the hetero junction diodes
(a) for varying sputter powers and (b) substrate temperatures.

Table 6.1 Electrical property variations of p-n hetero junctions

Sputter Power te?#g;:;?ﬁe Turn on Voltage Diode Ideality
(W) ) V) factor
60 100 0.79 151
100 100 0.61 1.75
200 100 0.33 1.96
150 100 0.798 1.85
150 150 0.663 2.31
150 230 0.32 3.21
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6.5 Conclusion

Transparent and crystalline 1ITO/CuO and ITO/CIO hetero junctions with
average transparency above 60% in visible region were obtained by radio frequency
magnetron sputtering. The electrical behaviour of the p-n hetero junctions were
investigated in detail and the results show that the diodes with CIO as p-layer
sputtered at RF power of 150 W and substrate temperature of 230°C has the highest
ideality factor of 3.21, which may be due to the presence of interface defect states.
Band energy diagrams were used to explain the diode characteristics. The high
forward to reverse current ratio confirm the low leakage current in the reverse
direction, which suggests good rectifying capability of the diode, making it suitable

for potential applications in optoelectronic devices.
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7.1 Summary and conclusions

Transparent electronics is an emerging research field which has opened up
various novel and exciting device applications. Understanding the principles of
transparent conductors provides a strong foundation for the search of novel materials

and efficient carrier generation mechanisms to make them good conductors.

Currently, most of the TCOs applied in practical uses are of n-type. This is
mainly because of the ease in doping and flexibility to alter their physical behaviour.
Also the concentration of charge carriers in n-type materials can be enhanced easily
by substitutional doping. But, for device applications the most important
requirement is p-type TCOs, which are quite scarce in number at present. Hence the
challenge is to find more and more materials achieving p-type conduction by
methods such as doping, which facilitates control of stoichiometry as well as carrier
concentration. Various copper delaffosites are known to exhibit p-type conduction
and further research should be initiated in this area. The main hindrance to this fact

is that wide band gap materials are difficult to be doped to p-type materials.

This thesis includes two parts: i) investigation of processing parameters on
electrical, optical, micro structural and structural properties of n-type and p-type
materials in thin film form by radio frequency magnetron sputtering and ii)
fabrication of transparent p-n hetero junctions based on these films and investigation
of their structural, optical, morphological and electrical performance appropriate for

device applications.

7.1.1 Investigation of processing parameters on electrical, optical, micro

structural and structural properties of n-type and p-type materials

Tin (IV) oxide and tin doped indium oxide (ITO) thin films were chosen as
the n-type materials for investigation. Copper (1) oxide and copper indium oxide
(C10) were chosen as p-type materials for our study. The process parameters for
fabrication of these films were explored as a function of substrate temperature and

sputter power and optimum fabrication conditions were determined to get good TCO
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properties. The main aim was to explore the deposition parameters that contribute to
achieve the maximum electrical conductivity and optical transparency in these films.
XRD results revealed that films sputtered at higher substrate temperatures results in
thin films of comparatively high crystal quality in both n and p-type materials. The
minimum resistivity and maximum optical transmittance was achieved for the films
sputtered at higher RF power of above 150 W. The surface roughness and grain size
were increased with increasing deposition substrate temperature in all films.

The electrical conductivity and carrier concentration of charge carriers were
also found to have significant influence on the sputtering parameters. The
thicknesses of the films were increased due to higher deposition rate at higher RF
powers. The films obtained had good optical transparency, above 75% in the visible
region. Both, crystallinity and electrical conductivity of thin films were improved by
increasing sputter power during deposition. However, the optical transmittance was
decreased slightly in this case, due to increased film thickness.

Uniformity and homogeneity of films increased with sputter power, as revealed
by SEM investigations. This was further confirmed by AFM studies and optical profiler
studies. The composition of thin films and purity of samples were confirmed by EDS
and XPS studies, which also helped in determining the oxidation state of the
constituents. Chapter 4 discusses in detail about the fabrication and properties of n-type

materials and that of p-type materials were discussed in Chapter 5.

7.1.2 Fabrication of transparent p-n hetero junctions based on these films and

investigation of their physical properties for device applications.

In the second part of the thesis (Chapter 6) transparent bi-layered p-n hetero
junction diodes were fabricated using the above p and n-type materials and optimum
conditions were determined in order to obtain diodes with high ideality factor. This
was done by sputtering one layer over the other by appropriate masking and silver
contacts were incorporated to take out leads for electrical characterisations. Two sets
of samples were studied - one with copper (I1) oxide and another with copper indium
oxide as p-layer. Results show that the diodes with p-layer copper indium oxide
exhibit much better characteristics compared to that with p-CuO layer. The diodes
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having CIO as p-layer films sputtered at a maximum RF power of 150 W and
substrate temperature of 230°C has the highest ideality factor of 3.21. The high
forward to reverse current ratio suggests low reverse leakage current which ensures
good rectifying capability of the diode, making it suitable for potential applications

in opto electronic devices [1, 2].

7.2 Scope for future studies

In this work, it has been demonstrated that sputter deposition can be used to
fabricate p-n hetero junctions having above 70% transparency in visible range.
Further study should focus on developing novel p-type materials with good
conductivity, which is difficult to attain, while retaining good transparency [3, 4].
Sputter conditions should be optimised in order to fabricate them into thin film form.
Further these films can be used to fabricate transparent p-n hetero junctions and
research may be extended further for the fabrication of thin film transistors. Other
fabrication methods such as CVD, electron beam evaporation and PLD may also be
employed for the fabrication.

Deeper insights into the conductivity mechanisms may be achieved by
investigating the intrinsic defect structures of these materials and their band
structures. The electrical conductivity of materials can be altered to a large extend
by introducing impurities into the crystal structure by doping. According to the
“limiting rule for doping” by Zhang et al. [5], p-type doping of materials can be
achieved if the work function is small and valence band maximum is high. Also, n-
type doping is favourable if electron affinity is large and positive and the conduction
band minimum is low. Hence such materials may be chosen for the fabrication of
thin films.

The quest for novel materials as TCOs are based on experimental techniques
and can at times be very cumbersome. In order to eliminate the trial and error
method and ease the investigations, theoretical methods can be adopted. Ab-initio
density functional band structure investigations are important in providing a
thorough insight into the TCO basics. It also provides scope for predicting hidden

capabilities of materials beyond those employed conventionally [6].
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