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ABSTRACT

Optimization of indium oxide thin films properties prepared by

sol gel spin coating process for optoelectronic applications

Indium oxide thin films have been deposited by sol-gel spin coating technique using indium
(1) nitrate hydrate, absolute ethanol and acetylacetone as precursor solution, solvent and
stabilizer, respectively. The effect of the molar concentration, annealing temperature, titanium
doping and cupric doping on the structural, morphological, optical and electrical properties of
In.O3 films have been studied.

All films have been characterized by multiple techniques such as X-ray diffraction (XRD),
UV-Visible spectroscopy, scanning electron microscope (SEM), photoluminescence (PL)
spectroscopy, Fourier transform infrared (FTIR) spectroscopy and four probe method to
investigate the physical properties of indium oxide films. X-ray diffraction analysis showed that
the films are polycrystalline in nature having cubic crystal structure with preferred growth
orientation along (222) plane. SEM images show that the films are homogenous, uniform and
dense without any pin holes and cracks. The transmittance of In.Oz films was high up to 90%
and it is probably related to the good crystalline quality of the films. The optical gap was found
to vary between 3.5 and 4.0 eV. The photoluminescence measurements revealed mainly three
emission peaks (ultraviolet, blue and green) corresponding to the near band edge (NBE) and
defect levels (DL) emissions. The broad ultraviolet luminescence peak 310-420 nm is assigned
to NBE emission. The blue and green luminescence are attributed to DL emission. The electrical
measurements revealed that prepared Cu doped In;Oz films have a low resistivity (about

1.77x107° — 6.34x10°® (Q.cm)) which made these films suitable for optoelectronic applications.

Keywords: Thin film, indium oxide, sol-gel, spin coating technique, doping, optical properties,
electrical properties.




gadle

— Flo S M 3l A5 dawlp 8 e apliYl dewS Y ARSI 4l ) jailas (e

i g9 SV Sldlaild oM

caed) M e Y Sl pltsaal odla — Bl (SU sl 25 dauly pn W) S RSN B s £
perladl A dms (Ll SR e JST B as F Ul e ey ol GaanST 01 fely dle)
A3 Y ST 0] A6l Al st gl g (atliadl s ondly psdlidl plasanly
Sy el Ay domedid) B 2Ll s Sl e Bb sue Jlastel &L ST Gy £
i) Az ol B bl i)V pld) iy (FTIR) o) od) o sl aslbs (32l S ailbs =l
) e oo WS L(222) il iy sl Lade ol me S 2aSSs Bty skl B3dane danb 13 w2 O
3 <ol s U BLo|  Gsis ol Slalas (T 399 055 Sy Blaza ¢ ilntn el 13 il 201 OF nlll 39280
B b ol LS il b st olall Gl g 08y 090wl ) oy et Al ppY) ST e
G5) Sl bed bl (a0 gl G Slals ciss” Lafy Ll 09580 4.0 5 3.5 cp b sl Gl
G5 1 Banlgd) JUI 23 Gt Opall Slistaney o @) Bladl Bl o DBl Gils (s Yly 3V oeenit))
Al sm shaadly s aeaU G Ly @l Bladl Bl 0 Sl 3905 gaglb 420 — 310 Jb) 3 damein)
J5TGlE ol sl pgp Y1 ST il OF 80 oS00 SLaldl) gl (U3 e b sl Slstns o SlasY)
3wl o Lat & (pnpsl 6.34x107 = 1775107 1y b £910) 5281 &80 (g on Benglin

A0 3¢S il

e Adss jailas uals (S skl A (Y = Bl aaY) anST @i el dekill oSy

AsbeS




RESUME

Optimisation des propriétés des couches minces d'oxyde d'indium
preparees par le procéde sol-gel type spin coating pour des
applications optoélectroniques

Les couches minces d'oxyde d'indium ont été déposées par la technique de sol-gel spin
coating en utilisant du nitrate hydraté d'indium (I11), I'éthanol absolu et I'acétylacétone comme
précurseur, solvant et stabilisant, respectivement. Les effets de la concentration molaire, la
température de recuit, dopage par le titane et dopage par le cuivre sur les propriétés structurelles,
morphologiques, optiques et électriques des films d’In2O3 ont été étudiés.

Tous les films ont été caractérisés par de nombreuses techniques telles que la diffraction des
rayons X (DRX), la spectroscopie UV-Visible, le microscope électronique a balayage (MEB), la
spectroscopie a photoluminescence (PL), la spectroscopie infrarouge a transformée de Fourier
(IR-TF) et la méthode de quatre points pour étudier les propriétés physiques des films d'oxyde
d'indium. L'analyse par diffraction des rayons X a montré que les films sont de nature
polycristalline et présentent une structure cristalline cubique avec une orientation de croissance
préférée selon le plan (222). Les images de MEB montrent que les films sont des surfaces
homogeénes, uniformes et denses, sans aucune de porosité et fissures. La transmittance des
couches d’In2O3z était élevée jusqu'a 90% et est probablement liée a la bonne qualité cristalline
des films. Le gap optique variait entre 3,5 et 4.0 eV. Les mesures de photoluminescence ont
révélé principalement trois pics d'émission (ultraviolets, bleus et verts) correspondant aux
émissions de bord proche de la bande et des niveaux des défauts. Le large pic de luminescence
ultraviolet 310-420 nm est attribué a I'émission de bord proche de la bande. Les luminescences
bleue et verte sont attribuées a I'émission des niveaux des défauts. Les mesures électriques ont
révélé que les couches préparées d’InoOs dopées par Cu ont une faible résistivité (autour de

1.77x10°-6.34x10% (Q.cm)), ce qui rend ces films adaptés aux applications optoélectroniques.

Mots-clés: couche mince, oxyde d’indium, sol-gel, technique de spin coating, dopage, proprietés

optique, propriétes électrique.
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GENERAL INTRODUCTION

Studies of transparent and highly conducting films (such as indium oxide (In,05) [1], zinc
oxide (ZnO) [2] and tin oxide (Sn0,) [3]...,etc) have attracted the attention of many researchers
because of their many and varied uses, both in industry and in research fields. Among them,
indium oxide (In,05) has received much attention due to his wide band gap, high transparency,
considerable chemical stability, high mobility and electrical conductivity. It is commonly used
for extent applications, like, solar cells [4], heat reflecting mirrors [5], antireflection coatings [6],

gas sensors [7] and flat panel displays [8].

Until now, In,05 thin films have been prepared by a variety of thin film deposition
techniques such as pulsed laser deposition (PLD) [9], dc magnetron sputtering [10], spray
pyrolysis [11], spray ultrasonic [12], sol gel method [13]...,etc. Among these techniques, we
chose the sol gel method due to many merits and benefits such as the easy control of chemical
components, low cost of the equipment and low temperature deposition. Besides, the films can
easily be coated in a variety of shapes and sizes using an inkjet printer.

In the last decades, several published researches studied indium oxide thin films properties
prepared by sol gel spin coating process by varying multiple deposition parameters such as: spin
coating speed [14], thermal annealing [15], tin doping [16]...,etc. In this work, an attempt has
been made to optimize optical and electrical properties of indium oxide thin films using sol gel
spin coating method, and that’s by changing the following parameters: precursor concentration,
annealing temperature, titanium and copper doping. These parameters has been varied to make
In, 04 thin films suitable for optoelectronic and photovoltaic applications such as: solar cells,

buffer layers and gas sensors..., etc.

This thesis contains the following chapters:

The first chapter is a brief survey on structural, optical and electrical properties of indium
oxide thin films. It also summarizes the multiple applications of these films in optoelectronic and

photovoltaic fields.

The second chapter discusses the various preparation methods and diagnostic techniques
used in the analysis of undoped and doped In,05 thin films. In the present study, films were
prepared using sol gel via spin coating process and characterized using X-ray diffractometer
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)

techniques. A few films were analyzed by photoluminescence (PL) spectroscopy and fourier




transform infrared spectroscopy (FTIR). The electrical and optical properties of the films were

studied using a four probe set up and UV-Visible spectrophotometer, respectively.

The third chapter deals with the preparation and characterization of indium oxide (In,03)
films deposited by sol gel spin coating technique on glass substrates with different precursor

concentration ranging from 0.05 to 0.25 M.

In chapter 1V, the influence of annealing temperature on the properties of prepared indium

oxide thin films by sol gel technique was investigated.

Chapter V gives an account of titanium doped indium oxide (InTiO) films prepared by spin

coating on microscopic glass substrates. The films were prepared at optimum conditions.

Preparation and characterization of copper doped indium oxide films are discussed in chapter
V1. The films were prepared at the optimum conditions on glass substrates with different mol.%

of Cu doping.

Finally, we present general conclusion with future outlooks about the results obtained in this

work.
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Chapter | Indium oxide thin films: an overview

I.1. Introduction

Rapid and significant advances have been taking place in the field of semiconductor physics
during the past few decades. In the field of research and industry, semiconductors are the subject
of great interest because of their numerous practical applications. Scientists are interested in
developing those materials, which maintain their required properties under extreme
environmental conditions. One of the most important fields of current interest in material science
is the fundamental aspects and applications of semiconducting transparent thin films. Such
materials are highly conducting and exhibit high transparency in the visible region of the
electromagnetic spectrum. Because of this unique property, transparent conducting oxides
(TCOs) are finding wide range of applications in research and industry. They are essential part of
technologies that require large area electrical contact and optical access in the visible portion of
the light spectrum.

A TCO is a wide band gap semiconductor that has relatively high concentration of free
electrons in the conduction band. These arise either from defects in the material or from extrinsic
dopants, the impurity levels of which lie near the conduction band edge. The high carrier
concentration causes absorption of electromagnetic radiations in both visible and IR portions of
the spectrum [17]. A TCO must necessarily represent a compromise between electrical
conductivity and optical transmittance; a careful balance between these properties is required.
Reduction of the resistivity involves either an increase in carrier concentration or in the mobility.
But increase in the former will lead to an increase in the visible absorption while the increase in
mobility has no adverse effect on the optical properties. So the search for new TCO materials
must focus on achieving materials with higher electron motilities. The above target can be
achieved by making material with longer electron relaxation times or by identifying materials
with lower electron effective masses.

Most of the useful oxide-based materials are n-type conductors that ideally have a wide band
gap (>3 eV), the ability to be doped to degeneracy, and a conduction band shape that ensures that
the plasma absorption edge lies in the infrared range. The transparency of the TCO films in the
visible region is a result of the wide band gap of the material and the n type conductivity is
mainly due to the oxygen ion vacancies that contribute to the excess electrons in the metal atoms
[18].

I.2. Transparent conductive oxides

L.2.1. Historical Development of TCOs
The first report on TCO was published in 1907 by Badeker [19]. He reported that thin films of
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Cadmium metal deposited in a glow discharge chamber could be oxidized to become transparent
while remaining electrically conducting. Since then, the commercial value of these thin films has
been recognized, and the list of potential TCO materials has expanded to include Aluminum
doped ZnO [20], SnO2 [21], Fluorine doped In.O3 [22], etc. Most of the research to develop
highly transparent and conducting thin films has focused on n-type semiconductors consisting of
metal oxides. Historically, TCO films composed of binary compounds which were developed by
means of physical and chemical deposition methods [23,24]. One of the advantage of using
binary compound as TCO material is that their chemical composition in film deposition is
relatively easier to control than that of ternary and multicomponent oxides. Until now, undoped
and impurity doped films such as SnOz, In203, ZnO, CdO were developed. These materials have
a free electron concentration of the order of 10%° cm™ provided by native donors such as oxygen
vacancies and interstitial metal atoms. Since impurity doped materials can use both native and
impurity donors, undoped binary materials have got limited range of applications. In addition to
these binary compounds, ternary compounds such as Cd2SnO4, CdSnO3 and CdIn2O4 were also
developed prior to 1980 [25,26]. In order to get TCO films suited for specialized applications,
new TCO materials have been studied actively. TCO materials consisting of multicomponent
oxides have been developed in 1990s. In these material systems, TCO materials consisting of
ternary compounds such as Zn,SnOg4 [27], MgIn204 [28], ZnSnOs [29], GalnOs [30] as well as
multicomponent oxides composed of combinations of these ternary compounds were developed.
The advantage of the multicomponent oxide materials is the fact that their electrical, optical,

chemical and physical properties can be controlled by altering their chemical compositions.

1.2.2. Opto-electrical properties of TCOs
The induction of electrical properties of TCOs can be understood by the semiconductor band
theory. For electrical conduction to occur within the semiconductor material, ground state
electrons must be excited from the valence band to the conduction band minimum
(CBM), across the band gap by absorbing photon energy. A wider band gap requires a higher
energy photon in order for an electron to become excited into conduction. Therefore, widening

the band gap (i.e. Eg > 3.0 eV) in a material permits transparency to the visible portion of the

spectrum by placing a greater separation between the valance band maximum (VBM) and CBM
of the material, thus decreasing the probability of exciting an electron into conduction [31].
TCOs have been developed by doping materials in order to facilitate the charge carrier
generation within the structure. In the description of the band model, there is an important
difference between the fundamental band gap (i.e. the energy separation of the E,;, and E,; an

intrinsic property of the material) and the optical band gap (an extrinsic property), which
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corresponds to the lowest-energy allowed for an optical transition. The optical band gap
determines the transparency of a material which is important in TCO applications.

In order to achieve n-type conducting properties, electrons are injected from a nearby defect
donor level directly into the conduction band. The point defects in a metal oxide crystal, such as
oxygen vacancies, proton or metal interstitials and certain substitutional defects, effectively
create an excess of electrons close to the defect site in n-type TCOs. If there is sufficient orbital
overlap, it permits delocalization of electrons from the defect sites such that electronic states at
the CBM become filled or in other words Fermi level shifts above the CBM. This leads to an

effect known as the Moss—Burstein shift, which effectively widens the optical band gap.

Ey = Ecpm — Evaum (1.1)
EJP* = EMP + E; = Er — Eypy (1.2)

Since the Moss—Burstein shift is:
Eé"’B =Er — Ecpy (1.3)

where Ej is the fundamental energy gap separating the VBM and CBM, E;”t is the optical band
gap corresponding to the smallest allowed optical transition from the VB to the CB, Ej'® is the
Moss—Burstein shift and E is the Fermi level (Figure 1.1). Thus, lattice defects in TCOs can
simultaneously promote both electrical conductivity and optical transparency.

Apart from the Moss—Burstein shift the fundamental band gap is tapered due to the band gap
narrowing effect which led by exchange interactions in the free-electron gas and electrostatic
interactions between free electrons and ionized impurities [32].

The optical band gap is a key aspect in designing a TCO. However, the CBM depth or
electron affinity (EA) in other words, the difference between vacuum energy and CBM which
affects the ‘dopability’ of the TCO is also equally important in determining the conducting
properties. A higher value of EA indicates greater ease of introducing charge carriers, i.e. a
greater dopability [33,34]. A large separation (E; > 3.1 eV) between the Fermi level in the
conduction band and the next electronic energy level (CBM + 1) helps to prevent excitation of
electrons to higher states within the conduction band, which prevents undesirable optical

absorption [20].
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Figure I. 1. Diagram of the optical widening effect of the Moss—Burstein shift.[31].

The conductivity of a TCO is determined by the number of charge carriers and their mobility
within the crystal lattice, which is inversely proportional to their effective mass. The effective
mass is a quantity used to express the mass that the electrons appear to have when moving within
a crystalline solid, in which their mobility is affected by their response to local forces within the
crystal, expressed relative to their true mass (m.). The local forces in TCO crystal lattice is
controlled by the orbital overlap between the metal cation in a host lattice and the oxygen. The
electron mobility, electron density and conductivity of inorganic materials are linearly related as
described in the Boltzmann equation:

o=n.epu (1.4)
where o is the electrical conductivity defined in S.cm™, n is the density of free charge carriers
(i.e. electrons in an n-type TCO), e is the electronic charge and u is the electron mobility. The

electrical resistivity (p), expressed in Q.cm, as below:

1

p=- (1.5)

There are three distinct domains amongst inorganic materials regarding electrical properties:
namely the semimetals (high carrier density, low electron mobility), highly conductive metals
(both high carrier density and mobility) and semiconductors (low carrier density, high mobility).
While the introduction of a donor level close to the conduction band permits a wide optical band
gap from the VBM to the CBM, the optical absorption associated with the promotion of
electrons from the CBM to higher states places an upper limit on the carrier concentration in the

CBM, such that the absorption coefficient a of the TCO is proportional to the density of free
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electrons n as found in equation 1.6:
a=o.n (1.6)
where o is the absorption cross-section and n is the carrier density.

Therefore, a compromise must be made when designing doped TCOs because of this
relationship between the free electron density and the optical absorption. With this limitation,
ideal TCO materials need to have a high charge carrier mobility (typically u =50 —
70 cm2.V~1,s71) and a low electrical resistivity (ideally p = 1073 —107* Q.cm) whilst
keeping the carrier concentration below 2 x 10?2 cm™3, to prevent undesired optical absorption
[31].

1.2.3. Mechanism behind simultaneous transparency and conductivity

As far as the properties of a solid are concerned, one can see that optical transparency and
electrical conductivity are antonyms to each other. This can be easily proved using the basic
equations in electromagnetic theory [35,36] as described below.

For electromagnetic waves passing through an uncharged semiconducting medium, the

solution to Maxwell’s equation gives the real and complex parts of the refractive index as:
i " .

2 _ ¢ 2_0_ 2 2

n _2{1+(V)} +1 (1.7)

and

k? =

N | m

] 1 .
20\ 2

{1 + (7) } —1 (1.8)

where n is the refractive index of the medium, k is the extinction coefficient, ¢ is the dielectric

constant, ¢ is the conductivity of the medium and v is the frequency of the electromagnetic

radiation. In the case of an insulator ¢ - 0, n - e'72 and k - 0. This implies that an insulator is
transparent to electromagnetic waves.

For a perfect conductor, the solution to the Maxwell’s equation yields, the reflected and
transmitted component of the electric field vector as Eg = —E; and Er = 0. This means that the
wave is totally reflected with a 180° phase difference. Or in other words, a good conductor
reflects the radiations incident on it, while a good insulator is transparent to the electromagnetic

radiations.

1.3. Indium oxide (In203): an overview
Indium metal was discovered by Reich and Richter in 1863. Indium is silver white, soft,
malleable and ductile material. On heating, it burns in air with blue flame. It dissolves in all

acids, but not in alkalies. Indium is used in a wide variety and range of industrial products.
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Indium in its usual form has a tetragonal crystal structure with lattice parameters a = 0.3252 nm

and ¢ = 0.4946 nm. Table 1.1 lists the properties of indium metal [37].

Table I. 1. Properties of indium (In) metal.

Parameter Value

Atomic number 49
Atomic radius (nm) 0.166
Atomic weight (g/mol) 114.82
Boiling point (K) 2273
Chemical valence 1,2,3
Density (kg/m?3) 7280

Electrical resistivity (Q. m) 8.37 x 1078
lonic radius (nm) (In®") 0.08
Melting point (K) 429

1.3.1. Basics of In203

Indium Oxide (In20z3) is a wide band gap n-type semiconductor possessing variable electrical
conductivity and high optical transparency [38] and gaining interest in power electronics and
switching devices [39]. It is yellowish in color and has a good physical and chemical stability
[40]. It has a direct band gap of 3.2 — 3.7 eV and indirect band gap of around 2.7 eV [41]. But,
there is always a debate about the nature of band gap of indium oxide. It has been reported that
the indirect band gap is 0.9 — 1.1 eV smaller than the direct band gap [42]. Due to high
transparency of In20s, it has been used for different applications like photovoltaic devices [43],
transparent conductive electrode in electronic devices, liquid crystal displays [44], transparent
conducting electrodes in flat panel displays and solar cells [45], photo-detectors [46], gas sensors
[47] and different other optoelectronics applications. In.O3 is an n-type degenerate non-
stoichiometric transparent conducting oxide. It has been found in different structures like thin
film, nanowires, nanoparticles and single crystals.

The research started 60 years ago on In2Os when Rupprecht oxidized an evaporation-
deposited indium layer at high temperature in air forming polycrystalline, transparent and
conductive material [48]. Not only do polycrystalline In2Os films have its applications in
microelectronics but amorphous In,Os films are also used for optoelelectronics applications [49].

There are different methods to grow different forms of In203. The common methods used to
grow the thin films of In.O3 are metal oxide chemical vapor deposition (MOCVD), sol gel

method, electron-beam evaporation, dc magnetron sputtering, chemical vapor deposition, spray
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pyrolysis, atomic layer deposition (ALD), pulsed laser deposition, etc. Different other techniques
have been used for the growth of other forms of In.Os structure. Single crystals of In203 can be
grown by solution dispersed method and flux method.

In2O3 has many properties similar to other transparent conducting oxide (TCO) such as ZnO,
SnO2, CdO, Gax03 which can be used for TCO’s contact applications by doping with higher
donor impurity. Indium oxide has some important properties which might favor it with respect to
Ga203 because of single phase and higher symmetry cubic structure. It has been often doped
with some other materials to increase its conductivity near to the value of metals and to higher
transparency in the visible range. Most of the application of In,O3 comes in the form of widely
used TCO material Sn doped In,O3 which is commonly referred as ITO and has been widely
used in window layers in solar cells, transparent electrodes in liquid crystal display (LCD) and
organic light emitting diode (OLED) [50]. But In.O3 has been doped with some other materials
like Molybdenum [51] to increase the charge mobility, Titanium [52] to increase the electro-
conductivity, tungsten [53] used for organic solar cells.

The optical band gap energy of In2O3 has been found to depend on various parameters like
annealing temperature, oxidations conditions and the types of substrate used to grow the film and
there are reports which suggests that the optical band gap of In,Os thin films can be controlled by
growth temperatures optimizing the way for growth temperatures to develop the high quality
films and devices. It has also been figured that the growth temperature actually influence the
structural, morphological, optical and electrical properties of In,O3 thin films and
temperature is the most important parameter to grow high quality thin films [54]. Pure indium
oxide which is conducting and transparent can be grown on Si substrates below temperature
400°C using trimethylindium (TMIn) and H2O vapor [44]. Most of the growth methods include
TMIn and H20 with H2O vapors used for oxygen precursors. But in some cases, N2O is also used
as the oxygen precursor to grow high quality In2Os films on sapphire substrates at high

temperature.

1.3.2. Crystal structures of In203

Indium oxide crystallizes in two phases: the cubic type and metastable rhombohedral type.
The cubic structure is also referred as bixbyite Mn2Os or C-type rare earth oxide structures (rare
earth is a crystal prototype structure, not the elements). According to the Wyckoff [55] the bcc-
In203 unit cell with space group la3 consists of 16 molecules with 80 atoms with the lattice
constant a = 10.118 A. In this lattice, 8 of the 32 cations sit on site b and the other 24 are in d-
site. The bixbyite structure is made of edge-sharing InOs octahedra arranged in a 2x2x2 array.
The b-site, like d-site, is six-fold coordinated by oxygen in a distorted octahedral geometry with
In-O bond distance of 2.18 A. In the b-site, two interstitial sites are located at body-diagonal

10
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positions of the cubic structure. In d-site structure, vacancies occupy the facial-diagonal sites
with each two oxygen atoms in distances of 2.13, 2.19 and 2.23 A [56]. Figure 1.2 (b) reveals the
difference in the symmetry between 24d sites and 8b sites. B-site is centrosymmetric (Se or Csi
symmetry), while d-site shows a noncentrosymmetric (Cz) state [57]. Differences in the

symmetry of b-site and d-site, cations show distinct spectroscopic properties in these two sites.

.../"op

o Oxygen

O Indium

3 Structural

Vacancy

Figure 1. 2. (a) In203 cubic bixbyte structure. (b) The coordination arrangement of In atoms in
In203 cubic bixbyte structure [58,59].

Shannon [60] has described one of the first reports on the formation of metastable
rhombohedral (corundum) indium oxide (rh-In2O3). Phase transformation from bixbyite to
rhombohedral can happen at elevated temperature and pressure (6.5 GPa and 1250 °C);
elimination of the pressure will not change the crystal structure. Stability of rh-In2Os has been
observed up to 12 GPa and 900 °C. Although initial study claims that rh-In,Os3 is a high-pressure
product, but recent reports present the formation of rh-InOs under ambient conditions (1 bar,
250 °C) [61]. Rhombohedral structure with space group R3c can be considered as an
arrangement of hexagonal close pack oxygens, which is slightly distorted, and In®* cations lying
in two-thirds of the octahedral holes in the oxygen sublattice. The lattice parameters are a = 5.49
A and ¢ = 14.52 A. In this arrangement, the six coordinated In®* cations are surrounded with three
oxygens in distance of 2.07 A and three in 2.27 A [61]. The unit cell with six formula units
contains 12 In and 18 O (Figure 1.3).

11
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Figure 1. 3. One unit cell of In2Os: the large and small spheres represent the In and O atoms,

respectively [48].

1.3.3. Electrical and optical properties of 1n.03

Most of the research work on In2Os have been condensed on tin doped indium oxide and
very few works have been done on undoped and as-grown indium oxide. In.O3 can be grown by
different methods applying various growth conditions and changing different parameters and
using different precursor sources.

In203 generally lacks stoichiometry due to oxygen-array vacancies. If the O vacancies are
high, a vacancy band will be formed and it overlaps with the bottom of the conduction band
producing a degenerate semiconductor. The O2 vacancies act as doubly ionized donors and
contribute two electrons to the electrical conductivity [62]. Most of the transparent metal oxide
films are anion (oxygen) deficient and hence are n-type semi-conductors. In doped films donor
impurities (Sn, Sb, Zn, Mo, As, etc.) are added in a controlled manner. Indium tin oxide (ITO) is
formed by substitutional doping of In,O3 with Sn. Sn replaces the In®* atoms from the cubic
bixbyte structure of indium oxide. Sn thus forms an interstitial bond with oxygen and exists
either as SnO or SnO; accordingly it has a valency of +2 or +4 respectively [63]. This valency
state has a direct bearing on the ultimate conductivity of ITO. The lower valence state results in a
net reduction in carrier concentration since a hole is created which acts as a trap and reduces
conductivity. On the other hand, predominance of the SnO- state means Sn** acts as an n-type
donor releasing electrons to the conduction band. However, in ITO, both substitutional tin and
oxygen vacancies contribute to the high conductivity and the material can be represented as
In2.xSnxO3-2x. The direct optical band gap of ITO films ranges from 3.5 to 4.06 eV [64]. The high
optical transmittance of these films is a direct consequence of the wide band gap nature. The

band structure of ITO is assumed to be parabolic as shown in Figure 1.4:
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Figure I. 4. The parabolic band structure of undoped In.O3 and Sn doped In,Os3 films [65].

The conduction band is curved upwards, the valence band is curved downwards and the Fermi
level is located at mid band gap for the undoped material; addition of Sn dopants results in the
formation of donor states just below the conduction band. As the doping density is increased,
these merge with the conduction band at a critical density, Nc, which was calculated to be 2.3 x
10° cm™ by Gupta et al. [65]. Free electron properties are exhibited by the material when the
density of electrons from the donor atoms exceeds this value. As all the reported values of carrier
concentration are greater than Nc, all ITO films are expected to be degenerate in nature. Once
the material becomes degenerate, the mutual exchange and columbic interactions shift the
conduction band downwards and the valence band upwards effectively narrowing the band gap
from E, to E;. The band gap increase by the Burstein-Moss shift is partially compensated by this
effect. The reported value for the refractive index of ITO is 1.96 [66]. The transmittance of ITO
films is also influenced by a number of minor effects which include surface roughness and
optical homogeneity in the direction normal to the film surface. Dark brown (effectively
translucent) metallic films of ITO have also been reported. This opaqueness has been attributed
to unoxidized Sn metal grains on the ITO surface as a result of instability due to absence of
sufficient oxygen during deposition [67].

1.3.4. Photoconductivity
Photoconductivity is an important phenomenon in some semiconductors by which the
conductivity of the sample increases due to the incident radiation. It includes the generation and
recombination of charge carriers and provides useful and valuable information about the physical
properties of materials which can be utilized in photo-detection and radiation measurements [68].

The term dark conductivity is used for room conductivity.
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Intrinsic photoconductivity refers to the photoconductivity whenever the energy provided by
the irradiated light is sufficient to excite the electrons from the valence band to the conduction
band thus creating holes in the valence band and free electrons in the conduction band. But, if
the energy of incident light is much smaller compared to the band gap of the sample, the energy
matches the ionization energy of the impurity atoms creating an extra electron in the conduction
band thereby increasing photoconductivity. This is known as extrinsic photoconductivity. Figure
1.5 (a) shows intrinsic photoconductivity due to absorption of photon of energy greater than band
gap which excites electrons from the valence band to the conduction band and Figure 1.5 (b)
shows that a photon of energy less than the band gap energy excites electrons from the defects

and traps to the conduction band increasing charge carriers.

Conduction Band Conduction Band
v
hv hv
- ) N
Valence Band Valence Band
(a) Intrinsic Photoconductivity (b) Extrinsic photoconductivity

Figure 1. 5. Sketch of photoconductivity phenomena showing intrinsic and extrinsic

photoconductivity in a semiconductor [69].

The photoconductivity experiment consists of a monochromatic light source which is shined
on the sample creating excess densities of charge carriers, that leads to the change in the
conductivity creating excess holes (Ap) and electrons (An) given by:

Before illumination:
An=Ap =0 (1.9)
After illumination:
Ao = opp = q(unAn + upAp) (1.10)
where g is the electronic charge and u,, and u, are mobilities of electrons and holes and g, is

the steady state photoconductivity.
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illumination

Time ¢

Figure I. 6. Schematic of change in charge carriers due to illumination of light [69].

In Figure 1.6, it shows the change in charge carriers in response to the incident photon.
Initially, when there is no illumination of light, the material shows no change in charge carriers.
As the material is illuminated, charge carriers can quickly increase to the maximum value or
gradual increase of charge carriers can be observed depending on the energy and intensity of the
incident light as well as defect levels present in the material. The charge carrier increases and
reaches saturation, which points the maximum conductivity. After the light is turned off, charge

carriers of the materials decay and reach to the same value before illumination.

I.4. Importance of 1n.Os thin films

The transparent conducting oxides exhibit high reflectivity (over 80%) in the IR region. This
high IR reflectivity is useful for eliminators of heat flow through windows in buildings so that
the heat input from outside in summer, and heat output from within during winter through
windows are minimized. The thermal energy conservation property of indium oxide coatings is
utilized in air condition residential buildings green houses, flat panel and tubular solar collectors.
Undoped and doped indium oxide films have high electrical conductivity and very low
absorption in the visible and near infrared regions of the solar spectrum. Because of these

properties, they are used in a vast majority of applications. The major application of In2Os and
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ITO films include their use as wide band gap semiconductors in SIS solar cells [70], transparent
electrodes for hetero-junction solar cells, liquid crystal displays [71] and antireflection coatings
for silicon solar cells [72,73]. ITO film is an excellent heat mirror to transmit light radiation and
reflect heat radiation [74]. Low dimensional and nanostructured semi conducting oxides, e.g.
ZnO [75], CdO [76] and In.O3 [77,78] have recently attracted much attention due to their novel
properties differing from those of thin films, and due to their applications in nanoelectronics,
photonics and sensor technology. Indium oxide nanoparticles are used for transparent conductive
coatings and as electrically conductive thin films in modern electronics and optoelectronics.
One-dimensional In.Oz nanostructures have been demonstrated to be sensitive to NO2 and NHs
gases [79,80] as well as to biomolecules [81]. In2Os thin films have been used as active layers in
ozone (O3) gas sensors [82-84].

Photoluminescence study of In2O3z nanoparticles dispersed within pores of mesoporous silica
annealed at different temperatures are reported by Zhou et al. [85]. Zheng et al [86] reported PL
band in the wavelength range of 300-360 nm for nanowire arrays formed on anodic alumina
membranes by electro deposition technique. A strong PL emission peak at 398 nm was detected
upon excitation of In2O3 nanowires embedded in alumina template at 274 and 305 nm under

room temperature [87].

1.5. Applications of In.Os thin films

Indium oxide has a variety of applications in microelectronics and optoelectronic devices
because of high optical transmittance and high conductivity. They are therefore used for flat
panel display devices, heat reflecting mirrors, transparent electrodes in displays, thin film
transistors [88] and gas sensors of different oxidizing gases. It is often found doped with other
material like tin used mostly for liquid crystal display (LCD), molybdenum to enhance the
conductivity and use for novel optoelectronic devices. Some of the applications are discussed

below:

L.5.1. Electronic Displays
Electronic displays are used for interfacing electronic equipment with human operators.
Different components and device structures are required, such as liquid crystal displays [89],
organic light emitting diodes (OLEDs) [90], electroluminescent displays, plasma and fluorescent
displays and electrochromic displays, etc. The fabrication of these displays requires transparent

and conductive films, luminescent or fluorescent films as well as dielectric and insulating layers.

1.5.2. Optical coatings

Optical coatings are applied for antireflection purposes, as interference filters on solar panels,
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as plate glass infrared solar reflectors, and for laser optics. In the fabrication of filter optics, thin
films with refractive index gradients are deposited on preforms from which the optical fibers are
drawn. These coatings require dielectric materials with precisely defined indices of refraction
and absorption coefficients. Laser optics requires metal reflective coatings which can withstand
high radiation intensities without degradation. Infrared reflecting coatings are applied to filament

lamps to increase the luminous flux intensity.

1.5.3. Magnetic films for data storage
Thin films of magnetic materials have found wide commercial applications for data storage
in computers and control systems. The substrates can be metal, glass or plastic polymeric
materials. Thin film deposition processes for magnetic materials and for materials with a high
degree of hardness are required. Thin films are finding increasing commercial use for optical
data storage devices in compact disks and computer memory applications. Processes for the
deposition of organic polymer materials as storage media and as protective overcoats are

required for this technology.

1.5.4. Antistatic coatings
Thin films of conductive or semi-conductive materials are deposited to provide protection
from electrostatic discharges. Thin film coatings of carbides, silicates, nitrides, and borides are
finding increased uses to improve the wear characteristics of metal surfaces for tools, bearings,
and machine parts. Of particularly great current interest are films of diamond-like carbon
because of this material’s heat dissipation properties, electrical insulation, hardness, and

resistance to high-temperature and high-energy radiation.

L5.5. Solar cells
There has been interest in recent years directed towards the development of conducting
transparent oxide-based solar cell. These oxides offer the possibility of fabrication of solar cell
with performance characteristics suitable for large-scale terrestrial applications. Transparent
conducting oxides are particularly effective in solar cell applications because of the following
advantages.

a) The conducting transparent film permits transmission of solar radiation directly to the
active region with little or no attenuation, so that solar cells based on these materials
result in improved sensitivity in the high photon-energy portion of the solar spectrum.

b) Ease of fabrication of the junction because of lower junction formation temperature.

c) These films can serve simultaneously as low resistance contact to the junction and

antireflective coating for the active region.
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1.5.6. Gas sensors

Semiconductor material whose conductance is modulated directly by interaction with an
active gas has been studied for many years. There is reversible chemisorptions of reactive gases
at the surface of the certain metal oxides. The electron concentration in semiconductor sensors
varies less linearly with pressure up to eight decades, while the variation in the mobility was less
than a factor of two over the same pressure range. This suggests that gas chemisorptions into the
surface of the semiconductor materials are useful for the fabrication of gas sensing electronic
devices.

InoO3 has been widely used for sensing application because of high sensitivity to the
chemical environment. The sensing process is governed by oxygen vacancies on the surface that
influence the electronic properties of In,Oz. Upon oxidation, via adsorption of molecules such as
NO- at vacancy sites that accept electrons, electrons are withdrawn and effectively depleted from
the conduction band, leading to a reduction of conductivity. On the other hand, reducing
molecules such as H> can react with surface-adsorbed oxygen, leaving behind an electron and
hence higher conductivity. In2O3 films deposited by spray pyrolysis: gas response to reducing

(CO, Hy) gases have been prepared by Korotcenkov et al. [91].
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Chapter 11 Thin films: Preparation and characterization techniques

11.1. Introduction

The growth technique plays a significant role in controlling the properties of In203 films,
because the same material deposited by two different techniques, usually has different physical
properties. This is due to the fact that the electrical and optical properties of the films strongly
depend on the structure, morphology and nature of impurities present. Moreover the films grown
using any particular technique might have different properties due to the variation of the
deposition parameters and hence the properties can be tailored by controlling the deposition
parameters. It is, therefore, important and necessary to make a detailed investigation on the
different techniques used for the deposition of In2Os thin films. The major category of thin film
deposition is given as physical deposition method and chemical deposition method. Among

them, there are many techniques are employed so as to tailor the deposition results.

11.2. Thin film preparation techniques

Deposition techniques fall into two broad categories:

I1.2.1. Physical deposition techniques

Physical processes proceed along the following sequence of steps:

a) The solid material to be deposited is physically converted to vapor phase;

b) The vapor phase is transported across a region of reduced pressure from the source to the

substrate;

c) The vapor condenses on the substrate to form the thin film.

The conversion from solid to vapor phase is done through physical dislodgement of surface
atoms by addition of heat in evaporation deposition or by momentum transfer in sputter
deposition. The third category of PVD technique is the group of so called augmented energy

techniques including ion, plasma or laser assisted depositions [92,93].

11.2.1.1. Evaporation

Evaporation or sublimation techniques are widely used for the preparation of thin layers. A
very large number of materials can be evaporated and, if the evaporation is undertaken in
vacuum system, the evaporation temperature will be considerably reduced and the amount of
impurities in the growing layer will be minimized. In order to evaporate materials in a vacuum, a
vapor source is required that will support the evaporant and supply the heat of vaporization while
allowing the charge of evaporant to reach a temperature sufficiently high to produce the desired
vapor pressure, and hence rate of evaporation, without reacting chemically with the evaporant.
To avoid contamination of the evaporant and hence of growing film, the support material itself

must have a negligible vapor pressure and dissociation temperature of the operating temperature
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[94,95]. Laser beam evaporation has also come in to use recently. The laser source is situated
outside the evaporation system and the beam penetrates through a window and is focused onto
the evaporate material, which is usually fine powder form [96].

11.2.1.2. Sputtering

If a surface of target material is bombarded with energetic particles, it is possible to cause
ejection of the surface atom: this is the process known as sputtering. The ejected atoms can be
condensed on to a substrate to form a thin film. This method has various advantages over normal
evaporation techniques in which no container contamination will occur. It is also possible to
deposit alloy films which retain the composition of the parent target material. DC sputtering,
radio frequency sputtering and magnetron sputtering methods are the oldest types of sputtering
used by Behrisch [97]. High pressure oxygen sputtering and facing target sputtering are the two
new methods introduced for deposition of thin films for applications in superconducting and

magnetic films [98].

11.2.1.3. lon plating

In this atomistic, essentially sputter-deposition process the substrate is subjected to a flux of
high energy ions, sufficient to cause appreciable sputtering before and during film deposition.
The advantages of physical methods are laid in dry processing, high purity and cleanliness,
compatibility with semiconductor integrated circuit processing and epitaxial film growth.
However, there are certain disadvantages such as slow deposition rates, difficult stoichiometry
control, high temperature post deposition annealing often required for crystallization and high

capital expenditure [99].

I1.2.2. Chemical deposition techniques
Among chemical methods the most important are chemical bath deposition, cathode
electrolytic deposition (also called electro-deposition), anodic oxidation, chemical vapor

deposition and sol gel.

11.2.2.1. Chemical bath deposition (CBD)

There is considerable interest in the deposition of compound semiconductors by methods,
which involve relatively low capital expenses and are technically undemanding on the
experimentalist. One process to meet these criteria is chemical bath deposition. The chemical
bath deposition technique involves the controlled precipitation from solution of a compound on a
suitable substrate. The technique offers many advantages over the more established vapor phase
synthetic routes to semiconductor materials, such as chemical vapor deposition (CVD),
molecular beam epitaxy (MBE) and spray pyrolysis.

Factors such as control of film thickness and deposition rate by varying the solution pH,
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temperature and reagent concentration are allied with the ability of chemical bath deposition to
coat large areas, in a reproducible and low cost process. The first report of CBD was in 1884 by
J. E. Reynolds [100] for the deposition of PbS. A wide range of chalcogenide (e.g. CdS, ZnS and
MnS) and chalcopyrite materials (e.g. CulnSz and CulnSez) have been prepared by CBD
methods.

The chemical bath deposition process uses a controlled chemical reaction to effect the
deposition of a thin film by precipitation. In the most typical experimental approach, substrates
are immersed in an alkaline solution containing the chalcogenides source, the metal ion, added
base and complexing agent. The latter is used to control the speciation of the metal ion. The
chemical bath technique appears to be a relatively simple inexpensive method to prepare a
homogeneous film with controlled composition. Chemical bath deposition has been widely

applied to the fabrication of semiconductor layers for photovoltaic application.
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Figure 11. 1. Schematic diagram of a CBD system [101].

11.2.2.2. Cathodic deposition

In cathode electrolytic deposition, the substance (metal) to be deposited is present in a
solution or melt in the form of ions. If we insert two electrodes into the solution (or melt) the
positive ions of the metal will be attracted to the cathode where the metal will be deposited. The

mass of the substance deposited is proportional to the amount of electricity used. The
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proportionality constant is the electrochemical equivalent of the given substance, which, for
example, is 2.04x1072 g/C for Au and 0.09x107 g/C for Al. The properties of the deposited films,
as, for example, its adhesion to the substrate, its crystal structure (the size of microcrystals), etc.,
may be influenced by the composition of the electrolyte. By this method it is, of course, possible
to deposit films only on metallic substrates and the films may be contaminated by substances in
the electrolyte [96].

11.2.2.3. Anodic oxidation

Anode oxidation (anode electrolytic deposition) is used mainly in the formation of films of
the oxides of certain metals, e.g. Al, Ta, Nb, Ti and Zr. The oxidized metal is an anode dipped in
the electrolyte from which it attracts the oxygen ions. The ions pass through the already formed
oxide film by diffusion forced by a strong electric field and combine with metallic atoms to form
molecules of the oxide. Because the growth rate of the film depends exponentially on the
intensity of the electric field, the film thus formed is homogeneous owing to the fact that random
fluctuations are immediately smoothed out. For anode oxidation it is possible to use either the
constant-current or constant-voltage method. Solutions or melts of various salts, or in some cases
acids, are used as electrolytes [96]. This is an electrolytic method for producing oxide films on

the surface of metal.

11.2.2.4. Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) can be defined as a material synthesis method in which
the constituents of vapor phase react together to form a solid film at a surface [102]. The
chemical reaction is an essential characteristic of this method; therefore, besides the control of
the usual deposition process variables, the reaction of the reactants must be well understood.
Various types of chemical reactions are utilized in CVD for the formations of solids are
pyrolysis, reduction, oxidation, hydrolysis, synthetic chemical transport reaction etc. It has
emerged one of the powerful techniques of thin film growth. Among the reasons for the growing
adoption of CVD methods is the ability to produce a large variety of films and coatings of
metals, semiconductors, and compounds in a crystalline or amorphous form, possessing high
purity and desirable properties. Furthermore, the capability of controllably creating films of
widely varying stoichiometry makes CVD unique among deposition techniques. Other
advantages include relatively low cost of the equipment and operating expenses, suitability for
both batch and semi continuous operation, and compatibility with other processing steps. The
detailed steps of CVD process are demonstrated in Figure 11.2. CVD has numerous other names
and adjectives associated with it such as Vapor Phase Epitaxy (VPE) when CVD is used to

deposit single crystal films, Metal-organic CVD (MOCVD) when the precursor gas is a metal-
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organic species, Plasma Enhanced CVD (PECVD) when a plasma is used to induce or enhance

decomposition and reaction, and Low Pressure CVD (LPCVD) when the pressure is less than

ambient.
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Figure 11. 2. Schematic model of a CVD process [103].
11.2.2.5. Sol gel

A colloid is a suspension in which the dispersed phase is so small (~ 1-1000 nm) that
gravitational forces are negligible and interactions are dominated by short range forces, such as
Van Der Waals attraction and surface charges. A sol may be defined as a colloidal suspension of
solid particles in a liquid. The sol may be produced from inorganic or organic precursors and
may consist of dense oxide particles or polymeric clusters. In the sol-gel process, the precursors
(starting compounds) for preparation of a colloid consist of a metal or metalloid elements
surrounded by various ligands. The precursor most widely used in sol-gel research [104] is
termed as an alkoxide. Metal alkoxides are members of the family of metalorganic compounds,
which have an organic ligand attached to a metal or metalloid atom. The most thoroughly studied
example is silicon tetraethoxide (or tetraethoxy-silane, or tetraethyl orthosilicate, TEOS),
Si(OC2Hs)s. Metal alkoxides are popular precursors because they react readily with water. The
reaction is called hydrolysis, because a hydroxyl ion becomes attached to the metal atom. Key
steps in sol-gel processing are the hydrolysis of the alkoxides and the condensation of the

hydrolysis products, both of which are stimulated by catalysts such as acids. The hydrolysis step
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is described by:
M(OR), + H,0 - HO — M(OR); + ROH (11.1)
R represents a proton (hydrogen atom) or other ligand and ROH is an alcohol. In reaction (11.1)
the metal alkoxide M(OR), is partially hydrolyzed forming a suitable species for polymerization
as shown in the reaction:
(OR)sM — OR + HO — M(OR)3 = (OR)3M — 0 — M(OR)3 + ROH (11.2)
By definition, condensation liberates small molecules, such as water or alcohol. This type of
reaction can continue to build up larger and larger molecules by the process of polymerization.
Dilute solutions containing these polymerized species can then be used to coat substrates by
spinning or dip coating.
a) Dip coating
In dip coating process, film formation takes place by evaporation of the solvent from a
polymer solution. The substrate is dipped into the polymer solution, taken out at a constant speed
and dried by allowing the solvent to evaporate, leaving behind a solid polymer film on the
substrate. Scriven et al. [105] divided the dip coating process into five stages: (a) immersion, (b)
start-up, (c) deposition, (d) drainage and (e) evaporation, shown in Figure 11.3. The thickness of
the deposited film is related to the position of the streamline dividing the upward and downward
moving layers. There are five forces in the film deposition region governing the thickness of the
film and the position of the streamline: (1) viscous drag upward on the liquid by the moving
substrate, (2) force of gravity, (3) resultant force of surface tension in the concavely curved
meniscus, (4) inertial force of the boundary layer liquid arriving at the deposition region, and (5)

surface tension gradient [106].
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Figure 11. 3. Dip-coating stages: (a) immersion; (b) start-up; (c) deposition; (d) drainage and (e)

evaporation [103].
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The thickness of the coating layer depends on the following factors:

1)
2)
3)
4)
5)
6)
7)
8)
9

The speed at which the substrate is taken out,

The concentration of the solution,

The viscosity of the solution,

The rate of solvent evaporation,

The angle at which the substrate is taken out,

The surface tension of the solution,

The vapor pressure,

Temperature and relative humidity above the coating bath,

The precise control of air velocity, and the temperature of substrate and solution.

b) Spin coating:

Films may also be formed by spinning the solution on a rotating substrate. Bornside et al.

[107] divided spin coating into four stages: (1) deposition, (2) spin-up, (3) spin-off, and (4)

evaporation, shown in Figure 11.4. An excess of liquid is dispensed on the surface during the

deposition stage. In the spin-up stage, the liquid flows radially outward, driven by centrifugal

force. In the spin-off stage, excess liquid flows to the perimeter and leaves as droplets. As the

film thins, the rate of removal of excess liquid by spin-off slows down, because the thinner the

film, the greater the resistance to flow, and also because the concentration of the nonvolatile

components increases raising the viscosity. In the fourth stage, evaporation takes over as the

primary mechanism of thinning [108].
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Figure I1. 4. The four stages of the batch spin-coating process [106].
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According to Scriven [105], an advantage of spin coating is that a film of liquid tends to
become uniform in thickness during spin-off and once uniform, tends to remain so provided that
the viscosity is not shear dependent and does not vary over the substrate. This tendency arises
due to the balance between the two main forces: centrifugal force, which drives flow radially
outward, and viscous force (friction), which acts radially inward. During spin-up, the centrifugal
force overwhelms the force of gravity, and the rapid thinning quickly squelches all inertial forces
other than centrifugal force [104].

The final thickness of film depends on the following factors:

1) Initial thickness,

2) Time between spin-up and spin-off,

3) Angular velocity,

4) The evaporation rate in spin coating,

5) The viscosity of the liquid.

In comparison with other thin film deposition technologies the sol-gel process has the

following advantages:

(i) It gives wide possibility to vary the film properties by changing the composition of the
solution (change in film microstructure, introduction of dopants, etc.);

(i) Low process cost, specially for large scale substrates;

(iii) 1t is possible to coat on the desired shape and area without using expensive and
complicated equipment;

(iv) Better purity and homogeneity from raw materials;

(v) Low temperature of preparation which can:

a) save energy;

b) minimize evaporation losses;

c) minimize air pollution;

d) minimize reactions with containers, thus producing purity;
e) bypass phase separation;

f) bypass crystallization.

(vi) While for thin films applied by vacuum techniques it is difficult to provide a
stoichiometric ratio of the elements [109] and appropriate quality of the dielectric
semiconductor interface (as a result of bombardment of the substrate by high energy
particles), the sol-gel method allows one to overcome these problems.

Some disadvantages [110] of the sol-gel process are:

(i) High cost of raw materials;

(i) Large shrinkage during processing that accompanies drying and sintering;
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(iii) Residual fine pores;

(iv) Residual hydroxyl;

(v) Residual carbon;

(vi) Health hazards of organic solutions;

(vii) Long processing times.

11.3. Characterization techniques

The deposited indium oxide (10) thin films are characterized for their structural, surface
morphological, optical and electrical properties. X-ray diffraction (XRD) is used for studying the
nature of crystal structure, scanning electron microscopy (SEM) is used to identify the surface
morphology and energy dispersive X-ray (EDX) (attached to SEM) to study films elemental
composition. The optical parameters have been analyzed from the transmittance and absorbance
spectra obtained using UV-Visible spectrophotometer, fourier transform infrared (FTIR)
spectrometer was used to obtain information about the chemical bonding in In2O3 films and
photoluminescence (PL) spectrometer to detect luminescence regions and defect types. The Four

point probe technique is employed to measure electrical conductivity of the films.

I1.3.1. X-ray diffraction (XRD)

The discovery of X-rays in 1895 enabled scientists to probe crystalline structure at the atomic
level. XRD has been used in two main areas, for the fingerprint characterization of crystalline
materials and the determination of their structure [111]. Each crystalline solid has its unique
characteristic X-ray powder pattern which may be used as a "fingerprint" for its identification.
Once the material has been identified, X-ray crystallography may be used to determine its
structure, i.e. how the atoms pack together in the crystalline state and what the inter-atomic
distance and angle, etc.

The size and the shape of the unit cell for any compound can be determined most easily using
XRD. X-rays are the electromagnetic waves of wavelength about 1 A. When X-rays are incident

on a crystal surface, they are reflected from it (Figure 11.5).
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Figure I1. 5. Reflection of X-rays from two planes of atoms in a solid.

The reflection obeys the following Bragg’s law:

2dsinf = nl (1.3)
where d is the distance between crystal planes, 6 is the incident angle of X-ray, 4 is the
wavelength of the X-ray and n is a positive integer. Bragg’s law also suggests that the diffraction
is only possible when A < 2d.

From the width of the diffraction line, it is possible to estimate the average grain size of the
thin film [112]. Surface thickness in thin films are about 1000 A, can be investigated using XRD
[113]. Thicker films can be characterized by reflection high-energy electron diffraction
(RHEED). Analysis of the diffraction patterns obtained by these techniques and comparison with
standard JCPDS cards can reveal the existence of different crystallographic phases in the film,
their relative abundance, the lattice parameters and any preferred orientations.

Using ‘d’ values, the set of lattice planes (hkl) are identified from the standard data and the
lattice parameters are calculated using the relations. For a cubic crystal structure, the lattice

parameters can be determined using the relation:

1 _ h%2+k%+1?

== (11.4)

where, h, k and | are the indices of the crystal planes, d is the inter-planar spacing and a is the

lattice constant.

Crystallite size (D) generally corresponds to the coherent volume in the material for the
respective diffraction peak. It contributes to the peak broadening and as crystallite size decreases,
the full width increases. The Crystallite size (D) of the film is determined by using Debye
Scherrer’s formula [114]:

KA
D= (11.5)

Where K is a constant known as shape factor and taken as 0.94, / is the wavelength of X-rays, B
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is the full-width at half maximum and @ is Bragg angle.
The origin of micro strain (g) is calculated using the relation [115]:

= (11.6)

The dislocation density (d) is the dislocation lines per unit area of the crystal, can also be
evaluated from the crystallite size ‘D’ using the formula [116]:
5=~ (11.7)

D

I1.3.2. Scanning electron microscope (SEM)

Scanning electron microscope is an instrument that is used to observe the morphology of the
solid sample at higher magnification, higher resolution and depth of focus as compared to an
optical microscope [117]. When an electron strikes the atom, variety of interaction products are
evolved. Figure 11.6 illustrates these various products and their use to obtain the various kinds of
information about the sample. Scattering of electron from the electrons of the atom results into
production of backscattered electrons and secondary electrons. Electron may get transmitted
through the sample if it is thin. Primary electrons with sufficient energy may knock out the
electron from the inner shells of atom and the excited atom may relax with the liberation of
Auger electrons or X-ray photons. All these interactions carry information about the sample.
Auger electron, ejected electrons and X-rays are energies specific to the element from which
they are coming. These characteristic signals give information about the chemical identification
and composition of the sample.

Electron beam
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\
\
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Figure 1. 6. Variety of interaction products evolved due to interaction of a primary electron

beam and specimen (sample) [118].
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Principle of Scanning Electron Microscope

A well-focused mono-energetic (~25 keV) beam is incident on a solid surface giving various
signals as mentioned above. Backscattered electrons and secondary electrons are particularly
pertinent for SEM application, their intensity being dependent on the atomic number of the host
atoms. Each may be collected, amplified and utilized to control the brightness of the spot on a
cathode ray tube. To obtain signals from an area, the electron beam is scanned over the specimen
surface by two pairs of electro-magnetic deflection coils and so is the cathode ray tubes (C.R.T)

beam in synchronization with this.
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Figure 11. 7. Schematic diagram of the scanning electron microscope (SEM) [121].

The signals are transferred from point to point and signal map of the scanned area is
displayed on a long persistent phosphor C.R.T. screen. Change in brightness represents change

of a particular property within the scanned area of the specimen [119]. The ray diagram of
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scanning electron microscope is shown in Figure I1.7. The scattering cross section for

backscattered electrons is given as [120]:

_ _30 [2]? 1)
0 =162 x 10 [E] cot( /2) (11.8)
where Z is atomic number and E is electric field.
Here the cross-section is proportional to Z2. Hence, the backscattered electrons are used for the

Z contrast or for compositional mapping.

I1.3.3. Energy dispersive X-ray spectroscopy (EDS or EDX)

EDX is a chemical microanalysis technique used in conjunction with SEM. EDX can provide
elemental analysis on areas as small as nanometer in diameter and it is used to determine the
elemental composition of individual points or to map out the lateral distribution of elements from
the imaged area. When an incident electron beam hits atoms of the sample, secondary and
backscattered electrons are emitted from the sample surface. However, these are not the only
signals emitted from the sample. When the incident beam bounces through the sample creating
secondary electrons, it leaves thousands of the sample atoms with holes in the electron shells
where the secondary electrons used to be. If these "holes™ are in inner shells, the atoms are not in
a stable state. To stabilize the atoms, electrons from outer shells will drop into the inner shells,
however, because the outer shells are at a higher energy state, to do this the atom must lose some
energy. It does this in the form of X-rays. The X-rays emitted from the sample atoms are
characteristic in energy and wavelength to, not only the element of the parent atom, but which
shells lost electrons and which shells replaced them, this permits the elemental composition of
the sample to be measured.

An EDX spectrum not only identifies the element corresponding to each of its peaks, but also
the type of X-ray to which it corresponds as well. For example, a peak corresponding to the
amount of energy possessed by X-rays emitted by an electron in the L-shell going to the K-shell
is identified as a K-alpha peak. The peak corresponding to X-rays emitted by M-shell electrons
going to the K-shell is identified as K-beta peak [122] (Figure 11.8).
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Figure I1. 8. Scheme of X-ray excitations in EDX analysis.

11.3.4. Photoluminescence spectroscopy
The spontaneous emission of light from a material under optical excitation is known as
photoluminescence (PL). Photoluminescence spectroscopy is a nondestructive method to probe
the electric structure of materials. PL spectroscopy can be used to characterize a variety of
material parameters. It provides electrical characterization and information on the quality of
surfaces and interfaces. It is a direct method to measure various important material properties
such as band gap, impurity levels, and defect detection and recombination mechanism. The

schematic diagram of the PL measurement set-up is shown in Figure 11.9.
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Figure 11. 9. Schematic diagram showing elements used to measure photoluminescence spectra
[123].
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When light of sufficient energy is incident on a material, photons are absorbed. Electrons are
excited due to the energy of absorbed photons and goes to the excited state. Eventually, such
excited electrons reach to the ground state with emitting radiations in the form of light. This
emitted light can be collected and analyzed to get information about the material. After analyzing

the signals, transition energies and electronic energy levels can be determined.

I1.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR is mostly used to identify chemicals that are either organic or inorganic. We can
also use it to get information of some compounds of an unknown mixture. The FTIR can be
applied to the analysis of solids, liquids and gases. Today, the FTIR is computerized and it has
become more sensitive than the other dispersive instruments. The FTIR not only identify
chemicals but also identify the types of chemical bonds (functional group). To get absorption
spectrum of material it absorbs the wavelength of light. By interpreting the IR absorption
spectrum, we can able to determine the chemical bonds in the molecule. We can obtain unique
FTIR spectra of pure compounds like a molecular fingerprint. The spectrum of unknown
materials can be identified by comparison to a library of known compounds. West coast
analytical service (WCAS) has several IR spectral libraries including online computer libraries.

Schematic diagram of FTIR is as shown in Figure 11.10.
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Figure I1. 10. Schematic diagram of a Fourier transform infrared spectrometer [124].
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A parallel beam of infrared radiation is directed from the source to the interferometer that
split by beam splitter (B) and directed towards mirror M1 and Mz. The beam splitter plate is
coated by transparent material, which reflects 50 % of radiation falling on it. Hence, half of the
radiation reflects and goes to the mirror M1 while remaining half to M. Both splitted beams
return from both these mirrors (M1 and M) along same path and recombine to form a single
beam at the beam splitter. The recombined beam interferes and produce fringes relative phase of
the recombined beams determines whether the interference will be constructive or destructive.

Such signals are recorded and plot a transmittance spectrum [124].

I1.3.6. UV-Visible spectroscopy

Ultraviolet-visible spectrophotometer involves the spectroscopy of photons in the ultraviolet
region (200—400 nm) and visible region (400-800 nm). It is a type of absorption spectroscopy in
which the excitation of the electrons takes place from ground state to excited state while
fluorescence measures transitions from excited state to ground state. The method is most often
used in a quantitative way to determine concentrations of an absorbing species in sample using
the Beer-Lambert law. The principle involved in UV-VIS Spectroscopy states that, when a beam
of monochromatic light is passed through a homogeneous medium of an absorbing substance,
the rate of decrease in intensity of radiation with respect to thickness of the absorbing medium is
directly proportional to the intensity of incident radiation as well as the concentration of the
medium.

I = Iy.exp(—ad) (1.9)
where « is the absorption coefficient, d is the thickness of the film, I, and I are the intensity of
the incident and the transmitted beams, respectively.

The absorption coefficient (o) can be calculated using the following expression:

_ 1, (100
a=1n (T(%)) (11.10)

where T (%) is the transmittance (quantity of the transmitted light), and can be directly measured
by:
T(%) = Ii X 100 (11.11)
0
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Figure I1. 11. Schematic representation of UV-Visible Spectrophotometer [125].

a) Optical band gap (E4)

The fundamental absorption is related to the band-to-band transitions in a polycrystalline
semiconductor, i.e., to the excitation of an electron from the valence band to the conduction
band. Therefore, the fundamental absorption can be used to determine the energy gap of the
semiconductor. The optical band gap of films can be estimated using Tauc’s formula [126]:

(ahv)? = A(hv — E,) (1.12)
where « is the absorption coefficient, A is a constant (independent of photon energy (hv)), h is
the Planck constant and E; is the optical band gap. The values of the optical band gap are
obtained by extrapolating the tangential line of the data to the abscissa axis in the plot of (ahv)?

as a function of hv as shown in Figure 11.12.
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Figure 1. 12. Determination of the band gap (Eg).

b) Urbach energy (E,)

Urbach energy is usually used to describe the width of the localized states in the band gap
(but not their positions). Pankove [127] has shown that the value of E,, is related to the impurity
concentration. However, Redfield [128] has shown that all defects (point, line and planar
defects) lead to local electric fields that cause band tailing. Thus, the Urbach energy can be
considered a parameter that includes all possible defects. The relation between the Urbach

energy and absorption coefficient is described by [129]:
a = ayexp (Z—::) (1.13)
where « is a constant and E, is Urbach energy.

By drawing In(a) versus hv we can determine E,, value as the reciprocal of the linear part slope
(Figure 11.13):

In(a) = In(a,) + Z—” (11.14)
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Figure 11. 13. Determination of Urbach energy (Eu).

c) Refractive index (n)
The refractive index (n) was determined from the reflectance (R) data using [130]:

_ (1+R)Y/?

= R (11.15)
d) Extinction coefficient (k)

The extinction coefficient (k) of films is related to the absorption coefficient o through the

following relation [131]:

k=% (11.16)

4T

e) Dielectric constant
The real (g1) and the imaginary (e2) parts of dielectric constant are determined by the relations
bellow [132]:
g =n? —k? (11.17)
&, = 2nk (11.18)
where A is the wavelength, €1 and &> are the real and imaginary parts of the dielectric constant,

respectively.

I1.3.7. Four point probe method
The four point probe method has proven to be a convenient tool for the resistivity
measurement of small size (of the order of mm) specimen. This method is applicable when the
distance between the probes is small compared to the smaller dimension of the sample, and

provided none of the probe is too close to an edge of the sample. The arrangement of four point
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probes is shown in Figure 11.14:

A

Figure I1. 14. Schematic diagram of test circuit for measuring bar specimen resistivity with the

four-point probe method [133].

In the case of a four point probe on a sheet, the two outside current points represent the

dipole. Therefore, the resistivity in this case can be given by [134]:
p =-22ms (11.19)
Here, the distance between all the four points is equal. | is the current flowing through the
sample, Vp is produced voltage across two inner points and S is the distance between the

adjacent points. If the distance between contact points is not equal and it is given as Si, Sz and S3

respectively, then the resistivity is given as:

=Y —2 11.20
g Il<- )l (1120

S1 S3 S1+S; Sy+S3
Where V is the floating potential difference between the inner probes, and I is the current
through outer pair of probes.
Conductivity, denoted by o, can be determined from sheet resistance data according to the
definition of resistivity (p) [135]:

(11.21)

|-
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The precursor solute concentration is one of the important process parameters that determines
the indium ion concentration and hence the film growth, structure and characteristics. So, the
influence of the precursor solute concentration on the In2O3 film characteristics has been studied
with a view to optimize the solute concentration to obtain films with the best possible

characteristics.

I11.1. Experimental details

II1.1.1. Preparation of In,03 films

Indium oxide thin films were prepared by sol gel spin coating method on glass substrates
using indium (111) nitrate hydrate [In(NO3)3.xH20], absolute ethanol (C2HeO) and acetylacetone
(CsHgO2) as precursor, solvent and stabilizer, respectively. The substrates were cleaned by
rinsing them with soap solution, acetone and alcohol for 5 min, then rinsed with distilled water
and dried to remove contaminants. The volume ratio of acetylacetone to ethanol was maintained
at 1:10. Five different precursor concentrations from 0.05 to 0.25 M were prepared by taking
different amounts of indium (I11) nitrate hydrate into a fixed volume of ethanol. The solutions
were then stirred for 2 h using a magnetic stirrer at 50 °C and they were aged for 48 h at room
temperature. The prepared solutions were deposited on glass substrates and rotated for 30 s at
4000 rpm using a spin coater (bought from Holmarc) to get well coated films. To dry the films,
the samples were placed in furnace for 10 min at 250 °C. The spin coating process was repeated
six times to achieve the desired thickness. After that, the annealing process was carried out at

500 °C for 2 h to obtain good crystalline films.

II1.1.2. Films characterization

The prepared films were characterized by an X-ray diffractometer (X’PERT PRO) to define
the crystallite state and structural properties, scanning electron microscope (SEM) to analyze the
surface morphology and energy dispersive X-ray (EDX) (attached to SEM) to evaluate films
elemental composition. UV-Visible spectrophotometer (Perkin EImer LAMBDA 950 UV/VIS) to
investigate the optical properties (gap energy, Urbach energy, refractive index, real and
imaginary parts of dielectric constant), fourier transform infrared (FTIR) spectrometer (BRUKER
VERTEX-80V) was used to obtain information about the chemical bonding in In.O3 films,
photoluminescence (PL) spectrometer (Perkin Elmer LS 55) to detect luminescence regions and

defect types. Four probe method to estimate the electrical conductivity (o).

The overall process used for the preparation and characterization of In.Oz thin films based on

the sol gel spin coating method is shown in Figure I11. 1:
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Figure 111. 1. Steps of thin film preparation and characterization in sol gel spin coating process.

I11.2. Results and discussion

To investigate the adhesion strength, a simple scotch tape test was performed on In,O3 coated
films on the glass substrates. At room temperature, the scotch tape was set on the coated
surfaces. The tape was then peeled by a pulling action. After the peeling of the tape, the coated

films have not been removed at all confirming the good adhesion of In,O3 films to the substrates.

II1.2.1. Film thickness study
The thickness (t) of In2O3 thin films is calculated using the weight difference method used by
Yahmadi et al. [136]:

t=p% (111.1)

where m is the mass of the film (expressed in gram), p is the density of the In2Oz in the bulk
form (p = 7.18 g/cm?®) and A (cm?) is the area of the glass substrate.

The Variation of the film thickness (t) of the In.Oz thin films with molar concentration is given
in Figure 111.2. The figure shows that the film thickness increases almost linearly with the molar
concentration. This increase with the molar concentration can be attributed to that the augment of
In®* ions in the substrate surface leading to an increase in the electrostatic interaction between

indium (In®*) and oxygen (O%) ions, which in turn enhanced the probability to form In,O3 phase
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and caused an improvement in the film thickness. Similar thickness variation was reported by
Rao et al. [137]. However, according to Langlet [138] and Lau et al. [139] there will be a
threshold value of film thickness when the precursor concentration is further increased (above
0.55 M) as the film will crack when it is too thick and this condition is due to the capillary forces

induced by post-deposition solvent evaporation.
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Figure 111. 2. Variation of the film thickness (t) of In2Os films with molar concentration.

I11.2.2, Structural study

The structural analysis of the prepared In2Os thin films has been carried out using their XRD
spectra. The XRD spectra have been obtained using CuKa radiation of wavelength 1.5406 A in
the 20 range of 20°-80°. The XRD spectra of In2Oz thin films deposited using different precursor
concentrations of 0.05 M, 0.10 M, 0.15 M, 0.20 M and 0.25 M are displayed in Figure 111.3. The
presence of several peaks in the XRD spectra (Figure I11.3) shows that all the films are
polycrystalline in nature. The figure shows that all the films give rise to well defined peaks
corresponding to (211), (222), (400), (440) and (622) planes of crystalline In2O3 with body
centered cubic (BCC) structure [Joint Committee on Powder Diffraction standards (JCPDS) data
card No. 06-0416] with preferential orientation along (222) peak. The growth along the (222)
plane is due to the low free surface energy found in this direction for In.O3 cubic structure [140].
The inter-planar distance (dnxi) for the In2Os phase in all these films works out to be 2.910-2.920
A which is less than the standard value of 2.921 A given for In,O3 in the JCPDS data card. The

figure further shows that the XRD spectrum of the film grown with the highest molar
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concentration of 0.25 M contains new growth direction corresponds to (321) plane with slightly
small decrease in intensity of previously mentioned planes. Khan et al. [141] have reported the
formation of (321) plane in their spin coating deposited In.Oz films on glass substrate.
Logacheva et al. [142] have suggested that the formation of (321) plane can be attributed to the
modification and deviation from In2Os cubic symmetry; which means that the composition

(stoichiometry) of the In203 films is changing as a function of molar concentration.
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Figure 111. 3. XRD patterns of In2O3 thin films at different molar concentration.

From the figure, it can be noted that the diffraction intensity of the In,Oz phase increases with
the molar concentration up to a molar concentration of 0.20 M due to the increase in the film

thickness. This result implies that the crystallinity of the In.O3 phase improves with the increase
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in molar concentration. Similar conclusions have been found by Jothibas et al. [143] from their
studies on sprayed In.Oz thin films. However, it can also be seen from the figure that the
diffraction intensity of In.Oz gets reduced when the molar concentration is further increased to
0.25 M even though the film thickness has increased enormously. This means that the
crystallinity of the InoOs phase drops when the molar concentration is increased to 0.25 M,
inspite of the film thickness increasing sharply. This result is rather surprising. The film contains
a new growth direction along (321) plane. So, it is reasonable to take that the appearance of
(321) plane in the 0.25 M film may be the cause for the reduced crystallinity of In,Oz film
observed at this stage. Similar reduction in the crystallinity of In,Oz has been reported by
Metaferia et al. [144] in their studies on indium oxide films. The reduction indicated the
occurrence of restructuring of the In2Oz.

Table III. 1 summarizes the structural parameters: Bragg’s angle (20) and the interplanar distance
(dnki) for the predominant (222) peak. The interplanar distance for (222) plane of the In,03 films
is found to be smaller than the standard value of d = 2.921 A. This indicates contraction of unit

cell volume which in turn reveals the presence of compressive stress in all the films [145].

Table I11. 1. The structural parameters of In.Os films corresponding to (222) plane.

Preferred Molar The
] Standard Standard The observed JCPDS Card
plane concentration observed
20 (°) d (A) dh (A) No. 06-0416
(hkl) (M) 260 (°)
0.05 30.71 2.910
0.10 30.67 2.909
(222) 0.15 30.58 30.60 2.921 2.920 06-0416
0.20 30.63 2.917
0.25 30.65 2.910

The crystallite size and the strain of In.O3 films grown at different molar concentrations are
shown in Figure 1ll. 4. It is easy to note that the crystallite size and the strain have an opposite
variation. The observed decrease in the crystallite size is commonly due to the augment in the
internal strain [146]. Prathap et al. [147] reported that the decrease in crystallite size with
increased molar concentration is attributed to the short time taken for the formation of crystallite.
In addition, the decrease in the crystallite size indicates an increase in the lattice defects, which
in turn enhanced internal strain and dislocation density [148] (as it was shown in Figure I11.4 and
Figure I11.5). In the other hand, Jothibas et al. [143] from their studies on In2O3 thin films have

obtained that the crystallite size increases with the molar concentration.
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Figure 111. 4. Crystallite size and the strain as function of molar concentration.
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Figure 111. 5. The dislocation density of In,Os3 films.
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The dislocation density of In2Os films is illustrated in Figure 111. 5. As may be seen below, the
dislocation density was about the range of 1.6 x 10 — 1.7 x 10® line/m? at low molar
concentrations, then it increased and stabilized about 4.6 x 10™ line/m? beyond 0.10 M. The
increase in the dislocation density can be attributed to the decrease in crystallite size. Moreover,
dislocations naturally become longer as dislocation lines extend to avoid micro-structural
barriers that enhanced by the decrease of crystallite size. May be that is the reason of the abrupt
increase of dislocation density beyond 0.10 M. This result can be confirmed by the crystallite

size variation.

I11.2.3. Surface morphological study

The surface morphology of films depends on the deposition technique, its parameters and it
may influence mechanical, electrical and optical properties of the films. Figure I1l. 6 shows the
scanning electron micrographs of In.O3 films at different molar concentrations prepared by sol
gel spin coating process. It is obvious that all the films have homogenous, uniform and dense
surface without any pin holes and cracks indicating that the films are well adherent to the
substrates. Moreover, the film deposited at 0.25 M shows more roughness than the other films.
The more roughness is probably due to a change in the surface structure of the film by the
appearance of new growth in the [321] direction over the film surface, which was confirmed by
XRD results.

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used for the elemental
analysis of a sample. The EDX spectra of the prepared In2Os films are shown in Figure 111. 7. As
may be seen below, all EDX spectra reveal the presence of In and O elements in the deposited
films. The peaks of other elements such as Si, Na, Mg and P are attributed to constituents of
glass substrate. In addition, the EDX spectra also analyzed both of the weight percentage (wt.%)
and atomic percentage (at.%) of the indium and oxygen compounds (see Table 111.2). As can be
seen, the weight percentage and atomic percentage of In and O elements vary with the precursor

molar concentrations.
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Det: SE Date(m/d/y): 06/11/18 LPCMA-Biskra Det: SE Date(m/dly): 06/11/18 LPCMA-Biskra

SEM HV: 20.0 kV WD: 7.35 mm | VEGA3 TESCAN éEM HV: 20.0 kV WD: 7.49 mm | J‘ VEGA3 TESCAN

View field: 46.3 ym SEM MAG: 6.00 kx | 10 pm View field: 46.3 pm SEM MAG:6.00kx 10 um
Det: SE Date(m/dly): 06/11/18 LPCMA-Biskra Det: SE Date(m/dly): 06/11/18 LPCMA-Biskra

SEM HV: 20.0 kV WOD: 6.45 mm | VEGA3 TESCAN
View field: 46.3 ym SEM MAG:6.00 kx 10 ym
Det: SE Date(m/d/y): 06/11/18 LPCMA-Biskra

Figure I11. 6. Scanning electron microscopy images of prepared In203 thin films.
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Figure I11. 7. Energy dispersive X-ray (EDX) spectra of In203 films.

Table I11. 2. The weight percentage (wt.%) and atomic percentage (at.%) of In,Oj thin films.

Elements
Molar concentration (M) wt.% at.%
In 0] In 0
0.05 8.78 91.22 1.32 98.68
0.10 51.02 48.98 12.67 87.33
0.15 71.52 28.48 25.93 74.07
0.20 56.52 43.48 15.34 84.66
0.25 61.49 38.51 18.20 81.80
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IIT.2.4. Optical study
Transmittance is very important to the applications of In2O3 thin films and the transmission
spectra provide information about their band gap and structure. The transmittance spectra depend
on the chemical composition, crystal structure, energy of incident photon, film thickness and
film surface morphology. For a given film, the chemical composition and crystal structure are
fixed and hence in such a case the film thickness, crystallinity and surface and structural

homogeneity are factors that greatly influence the transmittance of the film.
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Figure 111. 8. The transmittance and reflectance spectra of In2Oz3 thin films.

Figure I11. 8 represents the transmittance (T) and reflectance (R) spectra of In203 thin films
measured by Perkin EImer LAMBDA 950 UV/VIS spectrophotometer in the wavelength range
from 250 to 2000 nm. It is found that the In2O3 films deposited at different molar concentrations
exhibit a high optical transparency about 80-90 % in the visible range while the reflectance is
found inside a confined interval 10-25 %. Most of the samples show the presence of interference
fringes in both reflectance and transmission spectra in the visible region; this can be attributed to
the homogenous and smooth surface of the films [149]. Shinde et al. [150] suggested that
interference patterns in reflectance and transmittance show that the films are specular to a great
extent. In general, transmittance of the In.O3 films increases in the visible region (400 — 800 nm)
with increase of precursor molar concentration from 0.05 M to 0.20 M. Furthermore, the
transmittance spectra reveal a strong absorbance for all films in the range between 290 and 380

nm due to the excitation and the transition of electrons from the valence band (VB) to the
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conduction band (CB). This last phenomenon is very important characteristic for a

semiconductor corresponding to the optical band gap energy (Eg).
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Figure I11. 9. Plots of (ahv)? against hv of In2O3 films.
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Figure I11. 10. Ln(a) vs hv plots of the films.

Consider Figure 1lI. 9, which plots (ahv)? against hv for In,Os films prepared at several

precursor concentrations. The optical band gap (Eg) is determined by the extrapolation of the

51




Chapter 111 Effect of molar concentration on indium oxide thin films properties

linear region of the curves to intersect at hv axis. The Urbach energy (E.) is the band tail width
and characterizes the disorder in film network, it is estimated from the plots of Ln(a) vs hv

(Figure 111. 10) by taken the inverse of the slope of the linear part.
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Figure I11. 11. Optical band gap and Urbach energy of In203 films.

The variations of the optical band gap energy and Urbach energy of In.Os films at different
molar concentration are given in Figure I11. 11. Typically, in polycrystalline semiconductors, the
energy band gap can be impacted by the quantum size effect [151], modification in the preferred
orientation of the film [152], disorder and dislocation density at the grain boundaries [153]. From
this figure it can be seen that the energy band gap was narrowing (from 4.04 to 3.88 eV) with
increasing molar concentration. Whereas, the width of the band tails, generally known as Urbach
tails, was determined to measure the structural disorder. The estimated Urbach tail energies
increased from 249 to 285 meV with the increase of precursor concentration. The reduction of
energy band gap with the increase of precursor concentration could be owing to the constitution
of localized states in the band gap region. These states might be elicited in the band gap on
account of the structural disorder owing to the oxygen vacancy. The high concentration of
impurity states stimulates the band structure to dislodge, resulting in a prolonged tail extending
into the energy band gap [154]. According to Ali [155], increasing molar concentration causes
increase in the density of charges and then every electron is effectively surrounded by an
exchange and correlating hole that lowers the energy level of the electrons, and the conduction

band is shifted downwards. Moreover, the calculated band gap of prepared In.O3 films is higher
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than that of InoOs bulk. This is because of the quantum confinement effect due to small
crystallite size of the polycrystalline In.O3 films [156].

The variation of extinction coefficient (k) with the wavelength (L) for the grown films at
various molar concentrations is shown in Figure Ill. 12. In these spectra, all the films have
maximum Kk in the ultraviolet region, almost constant and minimum in the visible and near
infrared regions. Moreover, extinction coefficient shows high values that reach to 2.25 for 0.05
M in the low wavelengths (<350 nm). Whilst, in the high wavelengths (>350 nm), the extinction
coefficient is very low (less than 0.25). The minimum of extinction coefficient in in the visible
and near infrared regions established that the films are highly transparent. The rise and the fall in

the extinction coefficient (k) are directly related to the absorption of the light [143].
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Figure 111. 12. Extinction coefficient as a function of wavelength for In2O3 films.

The plots of refractive index (n) as function of the wavelength (A) for In2O3 films deposited
at different molar concentrations are given in Figure Ill. 13. From these spectra, it can be seen
that n values of In203 films vary in the range of 1.7-2.9. All films show that the maximum of
refractive index (n) is in the UV-Visible region except the films deposited at 0.10 and 0.15 M,
which had the maximum refractive index in the near IR region. Panneerdoss et al. [157] said that
the maximum refractive index in the near IR region is possibly due to the stoichiometric form of
the films. Generally, it is found that the refractive index of all films decreases with increase in

molar concentration. Li et al. [158] explained that by the increase in the carrier concentration.
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2000

Figure I11. 14 presents the variation of the real (g1) and imaginary (g2) parts of the dielectric

constant with various molar concentrations. The values of &1 and &> as function of wavelength are

around of 1-8.5 and 0.8-12, respectively. Most studies reported that using low solution molar

concentrations enhance the dielectric response of thin films due to the crystallite size

modification, porosity and preferred orientation [159,160].
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Figure I11. 15 shows the room temperature photoluminescence (PL) spectra of In,Os films
grown at various molar concentrations. Photoluminescence spectra show mainly three emission
peaks (ultraviolet, blue and green). The broad ultraviolet luminescence peak 310-420 nm is
assigned to the near band edge (NBE) emission, which is attributed to the free exciton
recombination between the conduction band (CB) and the valence band (VB) [161]. As can be
seen, a decrease observed in the broad ultraviolet emission peak, this could be due to the
increased number of trap states in the mid-band gap region for non-radiative transition [162].
The blue emission band at 485 nm is referred to the new defect level that introduced into the
band gap by the indium (In) atoms. The origin of green emission at 532 nm is generally ascribed

to the deep level defects such as surface defects and singly ionized oxygen vacancies [163].
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Figure 111. 15. PL spectra of indium oxide thin films at various molarities.

FTIR technique is used to obtain information about the chemical bonding and the presence
of certain functional groups in the films. The FTIR spectra of indium oxide films with various
molar concentrations are shown in Figure I1l. 16. The absorption bands shown by the films at
410, 565 and 600 cm™ are referred to the In-O bond [164]. Return to the heavy mass of In
atoms, the In-O stretching vibration modes are usually observed in the region of 800-300 cm™.
We can also recognize absorption band at 1186 cm™ related to In-O—H bending vibration [165].
It is obvious that the In-O and In—O-H absorption bands intensity increases with the increase of
the molar concentration. This can be attributed to the enhancement of In atoms on the substrate

surface which in turn leads to an increase in the probability of forming In-O and In-O—H bonds.
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However, the intensity of FTIR spectra reduced considerably for 0.25 M due to the degradation

of the crystal state. These results are supported by the variation of XRD data.
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Figure 111. 16. FTIR spectra of In.Oz films at different molar concentrations.

IIT.2.5. Electrical study
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Figure I11. 17. Electrical conductivity as a function of molar concentration.
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The variation of electrical conductivity and sheet resistance of In203 films measured by four
probe method at various molar concentrations can be found in Figure I11. 17. As can be seen, the
electrical conductivity of In,O3 films increases from 0.58 to 2.5 x 10 (Q.cm)™. Whereas, The
sheet resistance decreased with increasing precursor molar concentration becomes a minimum of
1405 Q/sq for 0.25 M. The maximum conductivity value obtained in this work is 2.5 x 10!
(Q.cm)* for the film deposited at 0.25 M. Many researchers claimed that the increase of the
electrical conductivity is due to the enhancement of free carrier concentration [166]. In this work
and in related references it was observed that the raise of electrical conductivity may be resulted
from the interstitial indium atoms, which act as charge carrier donors to the conduction band.
Moreover, the increase of the electrical conductivity of the film layers after increasing the
precursor concentration could, therefore, be ascribed to the modification of properties of the
grains or their boundaries. It is ascertained that for the films deposited at five different precursor
concentrations, the conductivity improves as indium concentration increases. It is well known
that the n-type conductivity in In2O3 is owing to oxygen vacancy and interstitial indium atoms,
both acting as donors. Hence, it gives rise to higher carrier concentration as In and O
concentration increases [154]. The investigation results of the In2O3z thin films grown by sol gel
spin coating technique assure the stability of the film and their employability in solar cell

application.

111.3. Conclusion

Indium oxide thin films with different molar concentrations have been successfully
deposited by sol gel spin coating method on glass substrates. Effect of molar concentration on
structural, morphological, optical and electrical properties was investigated. XRD patterns
revealed that prepared films have a polycrystalline nature with strong orientation along (222)
plane corresponding to In203 cubic structure. We observed an increase in the preferential growth
in the (222) plane for films. Furthermore, we noticed emergence of new growth orientation for
0.25 M sample corresponding to (321) plane, which confirms the change in the composition
(stoechiometry) at the film surface and the reduction of the preferential orientation. SEM images
showed the homogenous and uniform distribution without any voids or cracks. The EDX spectra
revealed the presence of In and O elements in the prepared films with their weight (w.%) and
atomic (at.%) percentage. Films exhibited a high optical transparency that reaches up to 90 % in
the visible range. In addition, we observed that the optical band gap energy (Eg) decreases from
4.04 to 3.88 eV. The decrease in PL peak intensity was indicating the increased number of trap

states in the mid-band gap region for non-radiative transition. The presence of In-O and In-O-H
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absorption bands was confirmed by FTIR. Electrical measurements showed that molar
concentration effectively increases the electrical conductivity from 0.58 to 2.5 x 10! (Q.cm)™.
From these findings, we conclude that the prepared In2Os films can be used in optoelectronic
applications such as buffer layer and transparent electrodes in solar cells. Also, the sol gel spin
coating technique is suitable for producing homogenous and uniform thin films with good

quality.
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Chapter 1V Influence of annealing temperature on indium oxide thin films properties

The annealing temperature is a parameter that influences the stoichiometry, structure and
characteristics of films. Hence, the influence of the annealing temperature on the properties of
In2O3 thin films has been investigated and the annealing temperature optimized for obtaining

films with the best possible characteristics.

IV.1. Experimental details

IV.1.1. Preparation of In,03 films

The indium oxide films were prepared over glass substrate using sol-gel spin coating method.
We used indium nitrate hydrate as precursor, ethanol as solvent and acetylacetone as a stabilizer.
The substrates were cleaned by rinsing them with soap solution, acetone and alcohol for 5 min,
then rinsed with distilled water and dried to remove contaminants. To prepare (0.15 M) of In,O3
solution, indium (lI1) nitrate hydrate [In(NOs)s3.xH20] was dissolved in a mixture of ethanol
(C2HsOH) and acetylacetone (CH3COCH2COCHS3) with volume ratio maintained at 1:10. The
mixture was stirred constantly at 50°C for 2h to yield a clear, transparent, and homogeneous
solution. Then the solution was aged at room temperature for 24 h.

The aged indium oxide solutions were deposited on microscopic glass substrates by using a
spin coating technique with a controlled rotation speed of 4000 rpm for 30 s at room temperature.
The films dried at 250°C for 10 min to evaporate the solvent and remove organic residuals. This
process was repeated six times to get well coated films with the desired thickness. Then the films
subjected to annealing treatment at different temperatures: 250, 350, 450 and 550°C in a furnace

under ambient air for 2 h to get well crystallized In2Os3 films.

IV.1.2. Films characterization
The films adherence to the substrate was checked by means of the tape method. The X-ray
diffraction (XRD) studies were carried out in a BRUKER-AXS type D8 diffractometer (CuKal
radiation, 1.5406 A). The transmittance and absorbance spectra of the films were measured by a
Perkin Elmer Lambda 25 spectrometer, in the 290-1100 nm wavelength range. The resistivity

was achieved by the four aligned probe method.

A schematic representation of the sol gel synthesis and spin coating procedure is shown in
Figure IV.1.
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Figure 1V. 1. The sol gel synthesis procedure of prepared In,Oz3 thin films.

1VV.2. Results and discussion

IV.2.1. Thickness study
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Figure IV. 2. Thickness variation of annealed In2O3 thin films.
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The thickness of the films has been measured by the weight difference method (mentioned in
Chapter 111 section 111.2.1). With the increase of annealing temperature, the thickness of the
In2O3 films obviously decreases as shown in Figure 1VV.2. As can be seen, the thickness of thin
film is reduced from 232 nm at 250 °C to 155 nm at 550 °C. The decrease could be originated by
the increment of material density owing to the evaporation of organic residual coming from the

precursor solution [167].

IV.2.2, Structural study
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Figure 1V. 3. Variation of XRD patterns of In.Oz thin films prepared at different annealing

temperatures.

Figure 1V. 3 shows the X-ray diffraction patterns of deposited In,O3 thin films at different
annealing temperature in air. Diffraction analysis suggests that all the films are polycrystalline in
nature. XRD patterns of the thin films indicated the cubic structure of polycrystalline In.O3 with
diffraction of two peaks correspond to (211) and (222) planes. This is in good agreement with
JCPDS data (JCPDS No. 06-0416). As can be seen from the diffraction patterns, the (222) plane
is the predominant orientation. The increment along (222) orientation could be explained as, with
the increase of annealing temperature In.Os crystallites gain enough energy and orient
themselves along (222) plane as it possesses highest atomic packing density and minimum

surface energy. As reported by Sandoval-Paz and Ramirez-Bon [168], the orientation of the

62




Chapter 1V Influence of annealing temperature on indium oxide thin films properties

grains in specific crystallographic directions is related with minimization of free surface energy
density of the film and the energy density of the interface between the film and substrate. From
the high intensity of the (222) peak, it can be seen that <111> is the preferred direction of crystal
growth in all these films. Also, the (222) plane is a close packed plane in In2O3 cubic bixbyite
structure with lowest surface energy [169]. Furthermore, the intensity of the (222) diffraction
peak is clearly increased with increasing the annealing temperature, implying the improvement
of crystalline structure. Wang et al. [170] reported that, as increasing annealing temperature, the

defects in the films decrease and the crystal quality of the films is enhanced.

Table 1V. 1. Micro-structural parameters of In,O3 thin films formed at different annealing temperatures.

Annealing Lattice Crystallite Dislocation )

Bragg’s angle ] ] Strain
temperature constant size density
(°C) 2Theta (°) a(A) D (nm) 0 e (10
(10% line/m?)

250 30.56 10.132 12 6.94 2.66

350 30.50 10.150 12 6.94 2.66

450 30.72 10.080 23 1.89 1.33

550 30.64 10.105 23 1.89 1.33

From the diffraction (222) peak positions, various structural parameters like lattice constant
(@), dislocation density (8) and strain of In2O3 thin films at different annealing temperature were
presented in Table IV. 1. The lattice constant is 10.118 A for the bulk In2Os crystal that has a
cubic structure [171]. The values of lattice constant for the films annealed at 250°C and 350°C
are larger than the lattice constant of bulk crystal. This referred that the unit cell is elongated, and
tensile force exists in the crystal lattice of the film. However, after annealing at higher
temperatures, the lattice constant decreases and is almost close to the bulk one for the film
annealed at 550 °C, which indicates that the tensile strain in the In.Os films is gradually relaxed
as the annealing temperature increases and it is almost fully relaxed for the sample annealed at
550 °C.

As estimated from the (222) peak (Table IV.1), the crystallite size of the films increases from
12 to 23 nm with the increase of annealing temperatures from 250°C to 550 °C, due to the
improvement in the crystallinity of the films [172]. Caglar et al. [173] explained that by
considering the thermal annealing induced coalescence of small grains by grain boundary
diffusion which caused major grain growth. Moreover, Sengupta et al. [174] reported that at high
temperatures, atoms had enough diffusion activation energy to occupy the energetically

63




Chapter 1V Influence of annealing temperature on indium oxide thin films properties

favorable site in the crystal lattice and eventually grains with the lower surface energy became
larger. Furthermore, it is observed from Table IV.1 that the strain and dislocation density of the
prepared In2Oz films decrease with the increase of annealing temperature. This may be due to the
increase in crystallite size and improvement in the stoichiometry of the film grown at higher
annealing temperature [175]. Rao et al. [176] suggested that the decrease in strain is basically
due to the fact that the atoms get higher energy to adjust their position in the lattice during
annealing. In the latter, we conclude that crystal defects plays important role in the value of

crystallite size.

IV.2.3. Optical study
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Figure 1V. 4. The transmission and absorbance spectra of In2O3 thin film annealed at different

temperatures.

The knowledge of optical properties of materials has a great significance in the designing and
analysis of optoelectronic devices. Moreover, optical measurements are extensively used for
characterization of the quality of the materials [177]. The optical transmittance and absorbance
spectra with wavelengths from 290 to 1100 nm of In2Os films annealed at different temperatures
are shown in Figure 1V. 4. This figure shows that all samples have good absorbance in the
ultraviolet regions and low absorbance in visible and near-infrared regions. The average
transmittance value within the visible region was found in the vicinity of 80% for the film
deposited at 250°C and for the films prepared at 350°C, 450°C and 550°C reaches to 82%, 83%

and 86%, respectively. So, the transmittance of the films has been found to increase with
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annealing temperature in the visible region. Many authors report that the increase in
transmittance of the films obtained by annealing is related to an increase in crystallinity of the
films and the improvement of crystallinity leads to decrease in optical scattering and defects
[178,179]. In [180], it was shown that the increase in transmittance of films with annealing
temperature may be attributed to the improvement in the crystallinity and surface homogeneity
of the films. In addition, the figure showed that the transmittance is high above 400 nm and it
rises slowly with wavelength in the higher wavelength region (above 400 nm) and falls sharply
in the shorter wavelength region (below 400 nm). As mentioned earlier, this sharp fall in

transmittance in the shorter wavelength region is indicative of direct optical absorption in the

films.
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Figure 1V. 5. The plots of (Ahv)? versus photon energy (hv) for the prepared In2Os thin films at

various tem peratures.

The energy gap (E) values depend, in general, on the film crystal structure, the arrangement

and distribution of atoms in crystal lattice. The band gap of In.O3 films was calculated from the
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(Ahv)? versus photon energy (hv) by extrapolation of the straight line of the plot of (Ahv)?
versus photon energy (hv) for the different annealing temperatures, as shown in Figure 1V.5.

The variation of energy band gap for In2Os3 thin films as function of annealing temperature is
presented in Figure IV. 6. It is observed that the values of band gap decrease with the increase of
annealing temperature. With the increase of annealing temperature upto 450°C, the band gap
value decreases to 3.41 eV. Furthermore, the band gap value increases with the increase of
annealing temperature at 550°C. Many author reports that annealing process improves the
crystallinity and increases crystallite size of the films that results in decreasing defects
concentration as well as reduce the strain in the films; therefore, the optical band gap energy
decreases [178,181]. However, the band gap slightly increased for annealed film at 550°C. This
tendency may occur due to the high transmittance (see Figure 1V. 4) into the film at this elevated
temperature, as reported by Sanjeev et al. and Arif et al. [182,183].
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Figure IV. 6. The energy band gap of In.Os3 thin film at different annealing temperatures.

The Urbach tail is an essential parameter used to estimate the level of crystallinity and
structural defect or degree of disorder present in the film materials. Generally, the optical
transmittance and optical band gap structure affected by the width of localized states available in
the films which are known as Urbach tail. This exponential tail appears in the low crystalline,

poor crystalline, the disordered and amorphous materials because these materials have localized
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states which extended in the band gap [184].
Figure 1V.7 shows the Ln(A) versus (hv) curve of annealed In,Os films at different
temperature. The Urbach energy (E,) was estimated by taking the reciprocal slope of the straight

line of plotting Ln(A) against the incident photon energy (hv).
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Figure 1V. 7. Ln(A) vs hv of annealed In2Os films at different temperature.

As shown in Figure IV.8, the Urbach energy or the width of the band tail decreases with the
increases of annealing temperature. This behavior proves that the degree of structural disorder
decreases with the increase of annealing temperature. It is obvious that the film exhibit minimum
structural disorder when the films are annealed at 550°C. This may due to the improvement of
crystallinity and minimization of strain and dislocation density; therefore, the defects in annealed
In203 thin films reduced. The results obtained by Rahman et al. [185] suggest that the reduction
in E, values are, generally, governed by the diminution of the localized density of states around
the tails of the absorption edges, increase in crystallinity, decrease in the degree of disorderliness
and a relaxation of the distorted bonds. The reduction in Urbach energy also indicates the

improvements of the films crystal quality.
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Figure 1V. 8. Urbach energy of annealed In2O3 thin films.

IV.2.4. Electrical study
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Figure 1V. 9. Resistivity of In.Oz3 thin films with different annealing temperatures.
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The variation of In2O3 films resistivity as a function of annealing temperature is shown in
Figure IV. 9. We can see from this figure, as the annealing temperature increases to 350 °C, the
resistivity gradually increases to the maximum value of 67.07 Q.cm. However, further increase
in annealing temperature, the resistivity of the films decrease gradually to the value of 14.05
Q.cm and this may be due to the increase in the mobility of the charge carriers and the increase
in the carrier concentration [186]. Generally, the decrease of the resistivity means that the
conductivity increase. The increase in conductivity of the films with annealing temperature is
due to the growth of crystallite size and improvement of crystallinity [187]. This inference on the
improvement of crystallinity of the films with increasing annealing temperature is consistent
with the present XRD results. In addition, Wang et al. [188] indicated that the possible reason for
the increase in conductivity is that the annealing process has the effect of increasing crystallite
size and crystallinity of the film, as mentioned before, which therefore results in less grain
boundary scattering. Lastly, the minimum value of the resistivity for annealed In2Oz film at

550°C temperature makes the film find wide applications in the field of optoelectronics.

IVV.3. Conclusion

In summary, In.Oz thin films have been successfully deposited by sol gel spin coating method
on microscopic glass substrates. The films have been annealed in a furnace at different
temperatures (250, 350, 450 and 550 °C). The film thickness measured by weight difference
method decreases with annealing process. The XRD results reveal that the deposited thin films
have a polycrystalline nature with cubic structure. As the annealing temperature increase, the
crystallinity and crystallite size increase. The film transmission in visible region is about 86% at
550°C sample. Also, the optical band gap narrowed with annealing temperature from 3.98 to
3.47 eV. Moreover, from electrical studies, the electrical resistivity decreases with increase in
annealing temperature and a minimum electrical resistivity of 14.05 Q.cm was obtained for the
film coated at 550 °C. Therefore, it is very clear from the present work that the annealing
temperature plays an important role in varying the physical properties of the prepared thin films.
Finally, we can say that we have prepared In2Os thin films with good optical and electrical

properties which can be used in many optoelectronic and photovoltaic applications.
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Chapter V Impact of titanium doping on indium oxide thin films properties

It is well known that the properties of the thin films are affected by deposition parameters
such as precursor concentration, post-annealing temperatures, film thickness and dopant
concentration, etc. This chapter presents a detailed explanation of the preparation and
characterization of Ti-doped In203 thin films deposited using sol-gel spin coating method. The
influence of Ti concentration on the properties of In,O3 thin films is also discussed in detail.
Doping with Ti is primarily done to achieve high transparency, stability and high conductivity of
the In203 thin films to use them in the low-cost optoelectronic device applications.

V.1. Experimental details

V.1.1. Preparation of In20s films

Titanium doped indium oxide (InTiO) thin films with different concentrations (0, 5, 10, 15
mol.%) were prepared on glass substrates by sol gel spin coating method. Indium (I11) nitrate
hydrate [In(NOz)3.xH20], absolute ethanol (C2HsOH), acetylacetone (CsHsO2) and titanium (IV)
isopropoxide [Ti(OCH(CHzs)2)s] were used as the starting precursors, solvent, stabilizer and
titanium (Ti) doping source, respectively. The concentration of the indium (111) nitrate hydrate
was 0.15 M and the volume ratio of actylacetone to ethanol was maintained at 1:10. The prepared
solutions were stirred at 50 °C for two hours to yield clear and homogenous solutions. After
aging for 48 h at room temperature, the resultant solutions were dropped onto glass substrates,
which were rotated at 4000 rpm for 30 s. After each coating step, the films dried at 250 °C for 10
min to evaporate the solvent and remove organic residuals. The spin coating process was repeated
six times to achieve the desired film thickness. Finally, all the samples were annealed in furnace

at 500 °C for 2 h to obtain good crystalline films.

V.1.2. Films characterization
The structural characterization of InTiO thin films were performed by X-ray diffraction
(X’PERT PRO), the optical characterization was investigated by UV-Visible spectrophotometer
(Perkin Elmer LAMBDA 25) in the range of 250-1100 nm. The room temperature
photoluminescence (PL) spectra were measured by a spectrophotometer (Perkin Elmer LS50B)
with an excitation wavelength of 325 nm and fourier transform infrared (FTIR) was carried by
BRUKER VERTEX-80V spectrometer. Electrical conductivity was achieved using four probe

method.

V.2. Results and discussion

V.2.1. Structural study
The X-ray diffraction spectra for undoped and Ti doped indium oxide (InTiO) thin films
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deposited on glass substrates using sol gel process are shown in Figure V. 1. The spectra indicate
that all the films are polycrystalline in nature and crystallize in a cubic structure according to
JCPDS card (06-0416) with preferential crystallographic (222) plane. The growth along the
predominant (222) plane may be attributed to minimization of the crystal surface free energy
[189]. We observe other weak peaks in the XRD patterns correspond to (211), (400), (431),
(440) and (622) planes, which revealed that InTiO films were crystallized very well. Doping by
Ti led to an obvious reduction or even disappearance in intensities of XRD peaks corresponding
to lattice planes such as (431) and (211). The disappearance and reduction in intensities of XRD
peaks of some lattice planes imply the presence of a large number of vacant lattice sites,
destroyed periodicities in some crystal planes and local lattice disorders [190]. Ohyama et al.
[191] studied the effect of aluminum content on the structure of ZnO:Al films, and thought the
decrease of predominant peak could be due to the segregation of dopant components at the grain
boundary, though no impurity phases were found from the XRD patterns. The possible reason
for no diffraction peaks observed in XRD patterns for TiO2 phase is due the complete miscibility

of Ti components in the proposed composition [192].
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Figure V. 1. X-ray diffraction spectra of In2Os films with different Ti concentrations.

As shown in Figure V. 2, a slight shift in the position of (222) peak to higher angle was
observed, indicating a reduction in the lattice constant (see Figure V.3 (b)), which might be due

to the increased oxygen vacancies in the film surface [193]. As reported by Chun et al. [194], the
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higher angle shift of the XRD peaks suggests the decrease of the lattice constant. The decrease of
the lattice constant of In,O3 crystals can be estimated to be Aa = 0.041 A, corresponding to a
0.41% decrease. Since the ionic radius of Ti** (0.61 A) is smaller than that of In® (0.80 A), the
substitution of Ti on In sites in the In2Os3 lattice can reduce the lattice constant. The XRD peak
shift of the In.O3 lattice to the higher angle was also observed from the Ga,03—In203 films [195]
and Zr doped In203 [130]. In addition, Zhang et al. [196] reported that the shift of strong (222)
peak position to higher angle region is due to the residual stress developed in the films because
of difference in the ionic radius between In** and Ti*". The shift of (222) peak indicates
successful doping of Ti in the indium oxide films. As the ionic radius of the doping element is
small, so there is a limit doping level that must not be exceeded in order to not destroy the unit
cell.
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Figure V. 2. Main (222) peak shifting of InTiO thin films.

Figure V. 3 presents the variation of grain size, strain, lattice constant and dislocation density
with Ti concentration. It can be seen that the grain size reduces from 13.29 nm for pure In203 to
6.98 nm for 15 mol.% Ti-doped In,O3 thin film (Figure V.3 (a)). It shows that the In,O3 grain
size tend to decrease with the Ti-doping concentration increasing. It is probably because of the
large strain in the films which affects the normal growth of In.Osz grains [197]. The decrease in
grain size suggests reduced crystallinity with increased grain boundary. Also, the possible reason

could be the disturbance of grain growth by stress due to the difference in ion radius between
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titanium and indium. Ajili et al. [198] indicated that the decrease of grain size may be attributed
to the increasing number of centers during incorporation of the doping into the host material. On
the other hand, the strain and dislocation density increase with Ti concentration (Figure V.3 (a)
and (b)). The different size between Ti** (0.61 A) and In®** (0.80 A) radius cause the strain field
that disturb grain growth process.

Since the dislocation density and the strain are the manifestation of dislocation network in the
films, the increase in the strain and the dislocation density indicates the formation of lower
quality films with Ti doping concentration [199]. From the above results, it is concluded that Ti
doping plays an important role in the crystal orientations of In,Oz films and effectively modifies

the microstructure of the In,O3 films.
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Figure V. 3. Variation of (a) grain size and strain (b) lattice constant and dislocation density

with Ti doping concentration.

V.2.2. Optical study

The optical transmission spectra of prepared InTiO thin films at different doping
concentrations measured in the wavelength region from 250 to 1100 nm are shown in Figure V.
4. It is found that the undoped and Ti doped indium oxide films exhibit a high transmittance in
the range of 87-93% in the visible region with a sharp fundamental absorption edge. This sharp
fall in transmission near the fundamental absorption edge is an identification of the good
crystallinity of the films [200]. The high optical transmission with Ti doping concentration may
be related to low scattering of light. Moreover, In20s films doped with 10 and 15 mol.% Ti
exhibits a high optical transmittance reach to 93% in the visible region. Algahtani et al. [201]

said that high transmission may be ascribed to the improvement of stoichiometry. Also, The
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films show the presence of some interference fringes, which might be due to the characteristic of
interference between light and nano-structured materials [131]. Li et al. [149] suggest that the
interference fringes in transmittance spectra could be attributed to homogenous and smooth of
films surface. Linearity is observed in the first case as shown in Figure V. 4 (inset); we can

conclude that the direct transitions dominate in undoped and Ti doped indium oxide films.
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Figure V. 4. Optical transmittance spectra of Ti doped In2Os3 thin films.

Figure V.5 (a) shows the plots of (ahv)? against (hv) in order to estimate the band gap values
of the deposited films. The curve of (ahv)? vs (hv) has straight line portion and the band gap
has been estimated by extrapolating the straight line to intersect the photon energy axis. The
intersection point is the band gap value in eV.

The Urbach energy is estimated by plotting Ln(a) vs. (hv) and fitting the linear portion of the

curve with a straight line. The reciprocal of the slope of this linear region yields the value of E,
as shown in Figure V. 5 (b).
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Figure V. 5. Plots of: (a) (chv)? vs (hv); (b) Ln(o) versus (hv).

The optical band gap (Eg) and Urbach energy (E,) of Ti doped indium oxide thin films are
given in Table V. 1. As can be seen, the band gap is almost constant for pure and Ti doped In203
thin films at 4 eV value. While, The Urbach energy value of 262 meV of the undoped film
increases to the value of 295 meV for 5 mol.% Ti sample and then it starts to decrease to the
values of 278 and 260 meV for 10 mol.% Ti and 15 mol.% Ti samples, respectively. As
estimated, increasing Ti content did not affect the band gap. The constant band gap with Ti
doping could be attributed to the low concentration of dopants which make no shift in the band
gap value [202]. In the work of Shanmugapriya et al. [203] the band gap was found to decrease
from 3.40 to 3.30 eV with increasing Ti doping. This decrease in the band gap has been
attributed to shrinkage effect, which is frequently observed in n-type semiconductors. While
doping, the shrinkage of the band gap energy was due to the induced shifting of the conduction
band minimum and valence band maximum. However, in [204] it was shown that the E, is found
to increase with increase Ti doping level, which is ranging between 3.4 and 3.8 eV. The increase
in Eg explained by the basis of the Burstein-Moss (BM) effect, an energy band widening effect
resulting from the increase in the Fermi level in the conduction band of degenerated
semiconductors.
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Table V. 1. Band gap and Urbach energy of InTiO thin films.

Doping concentration

(mol.%) Optical band gap (eV) Urbach energy (meV)
0 4.02 262
S 4.02 295
10 4.00 278
15 4.02 260
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Figure V. 6. Photoluminescence (PL) spectra of InTiO films.

Basically, the luminescence property of the films has a close relation with the film
crystallinity because the density of defects in film decreases with the improvement of the
crystallinity [205]. The room temperature photoluminescence (PL) spectra of prepared Ti doped
In2O3 thin films are shown in Figure V. 6. The figure reveals four peaks centered at 386, 435,
477 and 522 nm associated with ultraviolet (UV), violet, blue and green emissions, respectively.
The strong UV emission peak is related to near band edge (NBE) emission, and it originates due
to the recombination of the free excitons through an exciton—exciton collision process [206].
Whereas, The other emission peaks are due to the presence of structural defects such as oxygen
vacancies within In,Os crystal lattice [207]. The violet-blue emission peaks at 435 and 477 nm

indicated that a new defect levels are introduced into the band gap by the Ti doping [208].
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Moreover, this violet-blue emission could be attributed to the O, In and/or In/O vacancies
centers, which is also in agreement with the reported values [209,210]. The origin of green
emission band at 522 nm is generally ascribed to deep level (DL) defects such as surface defects
and singly ionized oxygen vacancies [163]. Indeed, there is an increase in PL intensity in the
presence of Ti** compared to undoped film, this confirm that the substitution of Ti** ions caused
an increase in defects. Generally, the cubic In2Os is a typical n-type semiconductor, has an
oxygen-deficient structure and the oxygen vacancies can induce the formation of new energy

levels in the band gap [87].
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Figure V. 7. FTIR spectra of Ti doped In2O3 thin films.

FTIR spectroscopy is very useful tool for investigating vibrational properties and chemical
composition of synthesized materials. The FTIR spectral analysis of un-doped and Ti-doped
In2O3 thin films are shown in Figure V. 7. As can be seen, six main bands were observed at 456,
611, 757, 1028, 2850 and 2913 cm™. Jothibas et al. [164] said that the In—O stretching vibrations
are usually found in the region 800-300 cm™. So depending on that, the weak bands at 456, 611
and 757 cm are attributed to In—-O stretching bond. Panneerdoss et al. [157] suggest that the

78




Chapter V Impact of titanium doping on indium oxide thin films properties

presence of the entire vibrational patterns of In-O bond in the low frequency region is due to the
stability and heavy mass of InOs. The strong broad band at 1028 cm™ is assigned to C-C—H
bending, mixed with stretching C—C vibrations of AcAc [211]. The absorption bands at 2850 and
2913 cm™ are due to the C-H stretching bonds of the organic compounds [160]. Furthermore,
Renard et al. [213] have demonstrated that the two bands detected at 2850 and 2913 cm™* could

be assigned to the symmetric and asymmetric CH stretching vibration modes.

V.2.3. Electrical study
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Figure V. 8. Conductivity of prepared InTiO thin films.

The measured electrical conductivity of undoped and Ti doped indium oxide thin films is
given in Figure V. 8. It can be seen that the conductivity is decreased from 7.02 to 7x107?
(Q.cm)* as increasing Ti concentration. We obtained a maximum electrical conductivity value at
7.02 (Q.cm)? for pure In2Os thin film. The reason for the decrease in conductivity is that some
Ti atoms may occupy interstitial positions and may also form defects in the structural lattice,
which acts as a carrier traps rather than electron donors [214]. Manjula et al. [215] suggest that
the decrease of grain size means deterioration of crystalline quality of In2O3 films with Ti doping
and an increase of total grain boundary fraction in the films, which can enhance grain boundary
scattering, thus, result in a decrease of electrical conductivity. This result confirmed by XRD and
grain size variations. From this we conclude that the electronic transport property for the In.Os

thin films is entirely related to the microstructure of the films and doping concentration.
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V.3. Conclusion

Transparent conducting indium oxide thin films with different compositions (0, 5, 10, 15

mol.% Ti) were successfully prepared by sol gel spin coating technique. The influence of

titanium (Ti) doping concentration on structural, optical and electrical properties of In20z films

was investigated. The following conclusions are derived after these investigations:

The X-ray diffraction patterns revealed that prepared InTiO films are polycrystalline with
preferential (222) plane of cubic structure. The change observed in the peak position of
(222) plane confirms the substitutions of Ti atoms in In-O lattice. The grain size was
found to decrease from 13.29 to 6.98 with Ti doping.

The optical measurements show that the transmittance of the films has improved to 93 %
for 10 and 15 mol.% Ti and the optical band gap was almost constant (~ 4 eV).

The room temperature photoluminescence spectra of Ti doped In203 films exhibit four
emission peaks: UV emission peak (at 386 nm), violet emission peak (at 435 nm), blue
emission peaks (at 477 nm) and green emission peak (at 522 nm).

FTIR spectra confirmed the presence of In-O, C—-C—H, C—H and CH stretching vibration
bonds.

Four probe measurements show that titanium doping in indium oxide thin films

effectively reduces its conductivity from 7.02 to 7x102 (Q.cm)™.

According to these results, we conclude that titanium doped indium oxide thin films are

suitable for optoelectronic applications and the sol gel spin coating technique is appropriate for

producing In203 films with good quality.
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Chapter VI Structural, optical and electrical properties of Cu-doped In, 0, thin films

Indium oxide doped with metals has been widely used for numerous applications in magnetic
semiconductors (Mn doped In.Os nanoparticle) [216], solar cells (Ti doped In203 thin films)
[217], optoelectronic devices (Sn doped In203), gas sensors and photocatalytic degradation (Zn
doped In2.0z) [218]. In wide band gap semiconductors, doping with impurities often induce
dramatic changes in structural, optical, electrical and magnetic properties. Cu-doped In2O3 films,
together with Sh-doped SnO: films, can be used as the ohmic contact for GaN based high
performance light emitting diodes. The optical and magnetic properties of Cu-doped In203
powders have been studied [219]. However, the possible influence of Cu doping on the
structural, optical and electrical properties of In203 films deposited by sol gel spin coating has
not yet been investigated. In this chapter, the sol-gel method, which offers the greatest possibility
for preparing a film with large area at low cost for technological applications, has been chosen to
prepare the undoped and Cu-doped In20s films. Structural, optical and electrical modifications

were discussed in details.

VI1.1. Experimental details

VI1.1. Preparation of In20;3 films

Undoped and Cu-doped In.Oz films were prepared on glass substrates by the sol-gel method.
The precursor solutions were prepared as follows: Indium (111) nitrate hydrated [In(NO3)3.xH20],
and copper (I1) acetate hydrate [Cu(CO2CHzs)..H2O] were used as starting materials, absolute
ethanol (C2Hs0O) as solvent, and acetylacetone (CH3COCH2COCHj3) as a stabilizer. All solutions
were stirred for 2 h at 50°C. Cu doping was achieved by the introduction of appropriate amount
of cupric acetate. In the process of doping, Cu content was varied from 0 to 4 mol.%. Undoped
and Cu-doped In203 films were deposited on glass substrates by spin coating at room
temperature, with a spinning rate of 4000 rpm for 30 s. After that the films were heated in air at
250°C for 10 min to dry and remove organic materials in the films. This procedure was repeated
6 times to achieve desired film thickness. Finally, the undoped and Cu-doped In,O3 were
annealed in air at 500°C for 2 h.

VI.1.2. Films characterization
The phase and crystal structure were investigated using a Rigako miniflex (XRD) (2Theta
from 20 to 65°). The surface morphology and chemical composition were studied using a
scanning electron microscope (SEM) and energy dispersive X-ray (EDX), respectively. The
optical properties of the films were characterized using a Perkin Elmer (Lamda25) UV-Vis

spectrophotometer. The electrical resistivity measurement was done using four probe method.
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V1.2. Results and discussion

VI.2.1. Structural study
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Figure VI. 1. X-ray diffraction patterns of In,Oz films with (Cu = 0 — 4 mol.%).

Figure VI. 1 shows the X-ray diffraction patterns of undoped and Cu doped indium oxide thin
films. The undoped In203 exhibits well defined diffraction reflections at 2Theta = 21.45, 30.36,
35.49, 41.55, 46.48, 51.27 and 60.86° corresponding to (211), (222), (400), (332), (431), (440)
and (622) planes, respectively. These peaks belong to bixibyte cubic structure with a space group
of l1a-3 (206). Presence of various peaks suggest the polycrystalline nature of the films [161].
However, there is a peak appeared at 2Theta = 29.36° corresponding to (110) plane for 2, 3 and 4
mol.% of Cu samples corresponding to the cubic structure of Cu.O phase. This suggested that
the doping of In203 films by a high percentages of Cu affect on the crystalline structure of the
films. At 1 mol.% Cu doping, The intensity of all peaks decreases suggesting deterioration of the
crystallinity of indium oxide films due to the incorporation of defects in the lattice sites [220]. At
2 mol.% and 3 mol.% doping, the diffraction intensity of peaks increase sharply, indicating that
the added amount of Cu ions enhances the crystallinity of In,Os films. Therefore, we speculate
that Cu ions play a crystal seed role during the formation of In.O3 particles. The increasing peaks
after Cu doping may result due to the fact that Cu ions start to substitute In ions in the cubic
lattice, determining better crystallinity and (222) growth orientation of In.Oz films. The same

trend was observed in previously reported Cu-doped ZnO films [221], and also Ti-doped ZnO
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films [222]. Moreover, Salaken et al. [223] suggest that the improvement of the crystalline
quality of 2 mol.% and 3 mol.% Cu doped thin films compared to 1 mol.% Cu is attributed to the
creation of new nucleation centers from the dopant atoms for the growth of In2Os crystals.
However, the crystalline quality is degraded again when Cu-doping concentration is 4 mol.%.
This is probably connected with the following two factors: (1) the newer nucleation centers reach
saturation [224]; (2) due to the difference of ionic radius between Cu?* (0.73 A) and In®* (0.80
A), when a large number of Cu?* replace In®* in lattice sites substitutionally, lattice distortion is
intensified, resulting in larger strain in the films and consequently affecting the normal growth of
In.O3 crystals.

The lattice constants for undoped and 1 mol.% Cu doped In203 films are 10.198 and 10.347
A, which are larger than the value of standard bulk In;Os (10.118 A). Unlike, the lattice
constants of 2, 3 and 4 mol.% Cu which are less than the standard value. The lattice parameters
of all samples are summarized in Table VI. 1. The effect of Cu concentration on the unit cell of
indium oxide can be divided to two effects:

(i) The expansion of the lattice constant for undoped and 1 mol.% Cu doped In2Oz films is
an indication of interstitial doping (Cu®" ions occupy interstitial sites).

(ii) Contraction of the lattice parameter a at 2, 3 and 4 mol.% Cu doping is happened when
the dopant (Cu?*) substituted the host cation (In®*) and when the ionic radius of the dopant are
lower than the host. This phenomena is possible because the ionic radius of Cu?" ion (Rcy =0.73
A) is smaller than the ionic radius of In3* (Ri» = 0.80 A).

Furthermore, at higher doping levels (Cu>1 mol.%), the lattice parameter a was slightly
increased by increasing Cu concentration. This confirmed that In ions substituted by Cu ions in
cubic lattice which in turn hence promotes the crystallinity. As reported by Rubel et al. [225],
when the ionic radius of dopant is smaller than that of the host, suggesting that when Cu?*

replaces In® in the lattice substitutionally, it results in a smaller lattice constant (a) than that of

undoped film.
Table VI. 1. 2Theta, lattice constant a, crystallite size and strain.
Cu concentrations Lattice constant  Crystallite size
(mol.%) 2Theta (°) A (nm Strain (x 1073)
0 30.47 10.198 12.15 2.8
1 30.08 10.347 11.37 3.0
2 30.65 10.108 12.12 2.9
3 30.72 10.112 11.88 2.9
4 30.59 10.115 11.27 3.0
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The calculated crystallite size and strain values for undoped and Cu doped samples at
different concentrations are tabulated in Table VI. 1. As can be seen, the crystallite size is
decreased from 12.15 nm (Cu = 0 mol.%) to 11.37 nm for the In,Os3 thin film doped at 1 mol.%.
However, opposite tendency is observed for 2 mol.% Cu doping level; that is, the crystallite size
is found to increase to reach value 12.12 nm, almost similar to undoped one. After that, the
crystallite size decreased again to a minimum value of 11.27 nm for the 4 mol.% Cu doped thin
film. This behavior of the crystallite size may be explained by the improvement and deterioration
of the crystalline state of the films. In general, the increase of X-ray peak intensity leads to
decrease in full width at half maximum (FWHM) indicating enhancement of crystallinity and
increase in crystallite size. This result can be confirmed by XRD patterns (see Figure VI.1). In
addition, the obtained values of strain were varied from 2.8x107 to 3.0x10 for undoped and Cu
doped thin films. The minimum value of strain (2.8x107) has been recorded for the undoped
films, while, the maximum value of strain (3.0x107%) has been recorded for the films doped at 1
mol.% and 4 mol.%. Moreover, the minimum value of strain (2.9x10°%) obtained for Cu doped
films shows that this film is less strained which might be due to the successful replacement of
In* ions with Cu?* ions in the host lattice [226].

V1.2.2. Surface and morphological study

Figure VI. 2 shows the SEM images of undoped and Cu-doped In203 thin films fabricated by
the sol gel spin coating technique with different copper mol.% concentrations. Surface
morphology analysis shows that 1, 3 and 4 mol.% Cu doped In.Oz thin films exhibit uniform,
dense grains and smooth surface, which indicates the good crystal quality of the films. However,
at 0 and 2 mol.% Cu doping concentrations, the formation of non-uniform and non-compact
agglomerates with few defects such as voids and pores is observed, promoting a rougher and less
smooth surface. Furthermore, the undoped, 1 mol.%, 3 mol.% and 4 mol.% Cu-doped In203
nanostructured films had nearly the same surface morphology.

The elemental analysis of undoped and Cu-doped In203 thin films was made by energy
dispersive X-ray spectroscopy. The EDX spectra of In,O3:Cu films (Figure VI. 3) confirm the
presence of Cu in the films. The presence of Si element in undoped and Cu-doped In.Oz films
might be probably from the glass substrate. The weight and atomic percentage compositions of
In, Cu and O in the thin films are presented in Table VI1.2. It is clearly seen from the table that
the amount of In element decreases with increasing Cu content, which very well supports the

successful substitution of dopants in the In sites.
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Figure VI. 2. SEM images of pure and Cu doped indium oxide thin films.
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Figure VI. 3. EDX spectra of undoped and Cu-doped In.O3 films: (a) undoped, (b) 1 mol.% Cu,
(¢) 2 mol.% Cu, (d) 3 mol.% Cu, (e) 4 mol.% Cu.

Table V1. 2. Results of quantitative elemental analysis of Cu-doped In,O3 thin films.

Elements
Material wt.% at.%
In Cu (0] In Cu O
Undoped In;0; 66.81 0 17.74 25.63 0 74.07
1n,0s3: 1 mol.% 66.97 0.20 32.83 22.11 0.12 77.78
1n,O3: 2 mol.% 56.27 2.80 26.37 18.14 1.63 61.03
1n,O3: 3 mol.% 37.79 1.16 25.91 10.23 0.57 50.32
1n,O3: 4 mol.% 23.70 0.78 35.65 5.34 0.32 57.63

V1.2.3. Optical study
Figure VI. 4 displays the optical transmittance of prepared thin film samples with various Cu

doping concentrations using UV-Vis spectrophotometer at wavelength range 2001100 nm. The
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figure shows that the average transmittance of the films in the visible light range (i.e., 400-800
nm) decreased from 91% to 83% as the doping concentration was increased from 0 to 4 mol.%.
The high transmittance value for undoped and Cu doped In203 thin films may be attributed to its
highly crystalline nature [227]. In addition, the high transmission (> 80%) is understood because
In,03 is a semiconductor with wide direct band gap (>3.5 eV). The high transmittance values of
undoped and Cu doped In203 thin films indicated that the films could be used as a window layer
in solar cells. The slight decrease in transmittance at higher doping levels (at 3% and 4%) is
credited to an increase in photon scattering due to crystal defects caused by doping or an increase
in the metal-to-oxygen ratio in the film [228]. Indeed, the metal-to-oxygen ratio may affect the
transmission if the sample is metal-rich; it can result in low transmission [229]. Mugwanga et al.
[230] studied Al doped ZnO thin films and showed that the decrease in transmission over the
visible range as the concentration of aluminum increases is due to free carriers coupling to the
electric field hence increasing the reflection. Furthermore, the optical absorption at the
absorption edge corresponds to the transmission from the valence to the conduction band, while
the absorption in the visible region corresponds to some localized energy states in the band gap
[231].
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Figure VI. 4. Transmittance of undoped and Cu doped In2Os3 thin films.

The optical band gap (Eg) and Urbach energy (E,) of Cu doped indium oxide thin films are
shown in Figure VI. 5. The E4 values are 3.98, 4.05, 4.07, 4.01 and 3.99 eV for the undoped and

1 mol.%, 2 mol.%, 3 mol.% and 4 mol.% of Cu-doped In203 thin films, respectively. Whereas,
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the E,, values were found to vary from 246 to 304 meV with increasing Cu doping concentration.
From energy gap values we infer two points. One is from the undoped to 2 mol.% Cu doped thin

film, we observe that E, value increases. The second is with the increase in the doping
concentration from 2 mol.% to 4 mol.%, we observe that the E; value decreases. The first one

can be explained as follows. It is known that the blue shift of optical band gap can be attributed
to the increase of Cu concentration, which creates free carriers in the host In2Os. The excess
electrons occupy the lowest states in the conduction band and enhance the effective band gap.
This behavior is called Burstein-Moss (BM) effect [232-234]. Increase of Fermi level in
conduction band due to BM effect is responsible for the increase of energy band gap. According
to BM effect, band gap should increases with increase of Cu content. After certain limit of Cu
concentration, band gap of sample starts to reduce. Berggren and Sernelius [235] suggest that the
exchange and Coulomb interactions among the free carriers in the conduction band and carrier-
impurity scattering leads to a downward shift of conduction band and upward shift of valence
band. So a renormalization of band gap occurs due to many body effects, such as electron-
electron, electron-ion, hole-ion, hole-hole which causes narrowing in the optical band gap of

samples [236].
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Figure VI. 5. The variation of band gap and Urbach energy.

V1.2.4. Electrical study
The electrical measurements were carried out using a four point probe setup. The variation of
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electrical resistivity of In2Os films as a function of Cu-doping concentration is shown in Figure
VI. 6. As can be seen, all films exhibit a low resistivity about 1.77x10 — 6.34x10° (Q.cm).
Typically, non-stoichiometric undoped In2Os3 thin films exhibit low resistivity due to the native
defects of oxygen vacancies and indium interstitials [237]. We found that the resistivity increase
from 1.77x107 at 0 mol.% Cu to 6.34x102 (Q.cm) at 3 mol.% Cu concentration. It is known that
Cu atoms are expected to be acceptors when substituting In atoms in In.Os. Oxygen vacancies
(Vo) and interstitial indium (In;) are donors in In.O3 while interstitial oxygen (Oi) and indium
vacancies (Vin) are acceptors in In203 [238,239]. The electron density is compensated by holes
generated by acceptors, especially substitutional Cu atoms, and hence the resistivity is increased.
Increasing Cu content will result in stronger compensation and hence larger resistivity. As
reported by Islam et al. [214], the reason for the increase in resistivity is that some Cu atoms may
form defects such as CuO and/or Cu20, which acts as a carrier traps rather than electron donors.
However, at 4 mol.% Cu doped film, the electrical resistivity decreased to reach value 1.79x107
(Q.cm) close to the resistivity value of undoped In2Os film. This could be related to the
deterioration of crystallinity, thereby enhancement in lattice distortion. This result can be
confirmed by XRD data.

Resistivity (x10° Q..cm)

Cu concentration (%)

Figure VI. 6. Resistivity of prepared Cu doped In2O3 thin films.
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V1.3. Conclusion

High quality In2O3 and Cu-doped In2O3 nanocrystals thin films have been prepared by a
simple sol-gel method followed spin coating technique. All films have polycrystalline phase of
In.O3 cubic structure. However, the trace of secondary phase related to Cu compound has been
detected for 2, 3 and 4 mol.% of Cu samples corresponding to the cubic structure of Cu20 phase.
This means that Cu dopant is strongly affects the microstructure of In,Oz system. The lattice
constant for undoped and Cu doped In203 films is found to be vary in the range of 10.108-10.347
A. While, the values of crystallite size and strain were found to be about 11.27-12.15 nm and
2.8x10°3-3.0x1073, respectively. The optical transmittance decreased with the increment of Cu
doping concentration from 91% to 83% in the visible region. The band gap values of the pure
and Cu-doped In203 films have been found to increase from 3.98 to 4.07 eV when Cu < 2 mol.%
and decrease to 3.99 eV when Cu > 2 mol.%. All films exhibit a low resistivity in the range of

1.77x107 — 6.34x107 (Q.cm) made them susceptible for application in photovoltaic field.
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CONCLUSION AND FUTURE OUTLOOK

Undoped and doped In203 thin films have been successfully prepared by sol gel via spin
coating technique for optoelectronic and photovoltaic applications. The films have been
deposited on glass substrates. The structural and optical properties of the deposited films have
been analyzed using X-ray diffraction (XRD), UV-VIS spectroscopy, photoluminescence
spectroscopy (PL) and Fourier transform infrared spectroscopy (FTIR). The chemical state of
elements in the deposited films has been analyzed using energy dispersive X-ray spectroscopy
(EDX). The electrical properties of the deposited films have been obtained by four probes

method.

Based on the results obtained from four parts of the present work, the following conclusions

are made:

Effect of molar concentration on structural, morphological, optical and electrical properties of
In20Oz3 thin films has been investigated. XRD analysis confirms the cubic structure of the
deposited films with a preferential (222) orientation. SEM images showed the homogenous and
uniform distribution of In2O3 films without any voids or cracks. EDX spectra revealed the
presence of In and O elements in the prepared films. Films exhibited a high optical transparency
that reaches up to 90% in the visible range. In addition, the optical band gap energy (Eq)
decreases from 4.04 to 3.88 eV. The room temperature PL measurements revealed three peaks
corresponding to the NBE (peak at 390 nm) and DL emissions (peaks at 485 and 532 nm). The
presence of In-O and In—-O-H absorption bands has been confirmed by FTIR. The electrical

conductivity increases from 0.58 to 25 (Q.cm)™.

The annealing temperature impact on the structural and optical properties of In,Os thin films
deposited on glass substrates has been discussed. All the films exhibited a preferred (222)
orientation due to minimization free surface energy. As the annealing temperature increases, the
intensity of the (222) peak increases indicating that the crystalline quality of the deposited films
improves upon annealing. Analysis of UV-VIS spectra revealed that the transmittance of the
films increased from 80% to 86% in the visible region with increasing annealing temperature.
Also, optical band gap decreases from 3.98 to 3.47 eV and electrical resistivity of the films

decreases from 67.07 to 14.05 Q.cm as annealing temperature increase.

Titanium doped In203 thin films have been deposited on microscopic glass substrates. XRD

patterns revealed that Ti doped In2Os films are polycrystalline with a preferential (222) plane of
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cubic structure irrespective of the Ti doping level. The observed change in main (222) peak
position confirms the substitutions of Ti atoms in In.O3 lattice. The grain size was found to
decrease from 13.29 to 6.98 with Ti doping enhanced. The films exhibit high transmittance up to
93% at 10 and 15 mol.% of Ti concentrations with no big change in optical band gap (4 — 4.02
eV). The room temperature photoluminescence spectra of Ti doped In2Oz films show four
emission peaks: UV emission peak (at 386 nm), violet emission peak (at 435 nm), blue emission
peaks (at 477 nm) and green emission peak (at 522 nm). FTIR spectra confirmed the presence of
In-O, C-C-H, C-H and CH: stretching vibration bonds. The conductivity of thin films

effectively reduces from 7.02 to 7x1072 (Q.cm)™* with increase Ti doping concentration.

Undoped and Cu doped In203 thin films have been deposited on glass substrates. All films
have polycrystalline nature of In,O3 cubic structure with detecting the presence of secondary
phase (110) plane related to Cu compound corresponding to the cubic structure of Cu20 phase.
The peak intensity of the (222) plane is stronger in both undoped and Cu doped films. The lattice
constant for undoped and Cu doped In203 films is found to be vary in the range of 10.108-10.347
nm. UV-Visible analyses revealed a decrease of films transmission from 91% to 83% in the
visible region with increasing Cu concentration. The band gap values of the pure and Cu-doped
In.O3 films were in the range 3.98 — 4.07 eV. All films revealed a low resistivity in the range of

1.77x10° — 6.34x10°% (Q.cm) make these films suitable for optoelectronic applications.

In the present work, an attempt is made to optimize transparent conducting properties of In2Os
films using sol gel spin coating technique which make them a suitable for optoelectronic
applications. To achieve this goal, several process parameters like molar concentration,
annealing temperature, Ti and Cu doping level are investigated. Among these parameters, doping
the In.O3 films by Cu is the most successful and efficient for the better electrical conductivity
and optical transmittance of the films, which make these films suitable for optoelectronic
applications such as solar cells and gas sensors.

Transparent conducting films deposited on rigid glass substrates have been extensively
studied in recent years, because they combine the attractive features of highly visible
transparency and electrical conductivity. However, as well known, glass is too heavy and brittle
and may be easily deformed, especially in certain applications, such as smart card, electronic
mapping and flat panel displays where flexibility and lightweight are needed. Therefore
transparent conducting films deposited on flexible substrates such as polyimide and polyethylene
terephthalate (PET) could overcome these problems and it is necessary to investigate the
characteristics of the oxide thin films deposited on flexible substrates. Furthermore, finding a
way to improve the electrical properties of the In.Oz thin films prepared by sol gel spin coating
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process is needed. So varying other parameters could be necessary such as rotation speed of the
substrate, pre-heating temperature, substrates type (like silicon, ITO...etc), precursors type and

co-doping...etc.
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