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General Introduction

Transparent Conductive Oxide (TCO) thin films are technologically important due to their
high optical transparency, in the visible region, wide band gap and good electrical conductivity.
Furthermore, among them, indium oxide (In,O3) thin film has received much attention. It is awide
band-gap semiconductor and has a band gap of 3.5-3.75 €V, a cubic (Ia3) structure of lattice
constant 1.0117 nm, dielectric constant of 8.9, and refractive index 2.0-2.1/1]. This unique
combination of electrical and optical properties has led numerous researchers to a thorough
investigation of the growth and characterization of thin semiconducting indium oxide films. It is
frequently used for photovoltaic devices, transparent windows, liquid crystal displays (LCD), light

emitting diodes (LED), solar cell, gas sensors and anti-reflecting coatings [ 2].

To date, there are numerous deposition techniques that have been demonstrated to grow
In,O3 films such as spray pyrolysis [ 3], vacuum evaporation [4], rf and dc sputtering [5.6], sol gel
[7], pulsed laser ablation [8], molecular beam epitaxy (MBE) [9] and metal organic chemical vapor
deposition (MOCVD) [10]. However, the properties of In,O3 films depend strongly by the used
deposition technique; each deposition method yields films with varied properties. In this work we
will focus on the spray ultrasonic technique which is a method suitable for large-scale production. It
has severa advantages in producing nanocrystalline thin films, such as, relatively homogeneous

composition, inexpensive and reproducible, commercially viable.

Severa published literatures show that the film’s properties are dependent from the film
deposition parameters such as: substrate-nozzle distance (SND) [11] substrate temperature [12,13]
and doping [14]. The am of this thesis is to study the structural, morphological, optical and
electrical properties of 1n,O3films prepared by spray ultrasonic technique. To this end, we want to
fix the optimal parameters which are represented in deposition time, solution flow rate, substrate
nature, and annealing temperature. These parameters make the thin films of 1n,O3 applicable for

optoelectronic and photovoltaic applications (gas sensors, solar cells...€etc).

The thesis is divided into 5 chapters. In the first chapter, we present fundamental physical
properties of indium oxide with their applications. In addition, we explain various depositions
techniques used to develop In,O3 films. The second chapter is devoted about the experimental
condition and methods which have been used in this thesis for the growth and characterization of
the In,O3 films.

In the chapter 111, influence of the deposition time on the structural, morphological, optical

and electrical properties of sprayed In,O; films is presented; and we evaluated the relationship



between these properties in general. The fourth chapter is devoted about effect of the solution flow
rate on the sprayed 1n,O3 thin films properties. In the chapter V, influence of the surface substrate
and annealing temperature on indium oxide thin films properties are presented.

Finally, we report general conclusion about the results obtained in this work.
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Chapter | Indium oxide, properties and deposition techniques

In this chapter we will presents the fundamental physical properties of indium oxide thin film. In

addition, we explain various depositions techniques used to develop 1n,Os3 films.

|.1 Indium oxide properties:

We will present the fundamenta physical properties such as the structural, optical and electrica

properties.

|.1.1 Structural properties:

It is known that indium oxide crystallizes in two different structures as body centered cubic and
hexagonal. The body centered cubic structure is a bixbyite Mn,03 type, also called C-type rare earth
oxide structure [ 15.16]. The bixbyite structure can be obtained by removing one forth of the anions
From the fluorite structure and allowing for small shifts of the ions. 32 cations occupy the 8 b and
24 d positions (see Figure |.1). Each cation resides at the center of a distorted cube, with six corners
occupied by oxygen anions. All 8 b cations are coordinated to six oxygen anions a a distance
of 2.18A° and to 2 oxygen interstitial positions, which lie along a body diagonal of the
cube. The 24 d cations exhibit less symmetry as they are coordinated to six oxygen anions
at three distances and to 2 oxygen interstitial sites along a face diagonal of the cube. The 48
oxygen anions are coordinated to four cations [17].

The hexagonal type is a high-pressure type phase obtained at 68 K bar and at a temperature 800-

1500 °C [18]. The structure is of the corundum, or aAl,O3 type, and has 6 molecules per unit cell.
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Figure.l.1 Cubic bixbyite structure showing the anion vacancy [17]
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|.1.2 Electrical properties:

Conduction in indium oxide films is attributed to oxygen vacancies and interstitial doping atoms
in the indium oxide crystal lattice. Instead of the stoichiometric structure (In®"),(0?)s, oxygen
deficiency creates a nonstoichiometric, or substoichiometric structure. The conduction mechanism
for the indium oxide system is typically explained by its defect chemistry [19]. The undoped non-
stoichiometric indium oxide film can be expressed as

IN203-x (Vo) X € 2X (1.2)

where x represents the number of doubly charged oxygen vacancies, (Vo), and is typically less
than 1%, depending on the oxidation state [20], and the €' represents the el ectrons needed for charge
neutrality. This results in n-type conduction in the films. Charge carrier concentrations for indium
oxide films are reported to be approximately 10™°-10%° cm™. At low temperatures the conduction is
strongly related to the oxygen vacancies since the band gap, of approximately 3.75 eV for In,Og, is
too large to adlow significant thermal excitation for intrinsic conduction to have an effect. The
intrinsic conduction mechanism involves direct excitation of electrons from the valance band to the
conduction band. At temperatures of approximately 800°C intrinsic conduction has been shown to
dominate [21].

1.1.2.1 Formation of oxygen vacancies:

In a crystal of an ionic compound the atoms are charged, and the cations and anions may be
attributed with a definite valence. In the case of oxides, the oxygen ions in the regular sites are
considered to have a valence of -2. The cations have a positive valence, so that the sum of all the
positive and negative charges in the compound becomes equal to zero. This charge of the atomsin
normal sites is termed the actual charge of the atom. The point defects may be neutral or charged.
However, the charge on the defects is considered relative to the perfect crystal. This relative charge
is termed the effective charge of the defect.

If acrystal isto be electricaly neutral, the sum of all effective positive charges must be equal with

the sum of all effective negative charges:

> pos. effective charges= Y neg. effective charges (1.2)

This principle of electroneutrality forms one of the basic equations and conditions to treat defect

equilibriaand to evaluate defect concentrations in crystals.
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When vacancies are present and thus when atoms in normal sites are missing, part or al of the
actual charge of the missing atom may be absent from the vacant site. The process of the formation
of an oxygen vacancy in a binary metal oxide has been described in detail by Kofstad [22]. An
oxygen vacancy is formed when an oxygen atom in a normal site is removed. In this process, the
two negative actual charges, i.e. two electrons, of the oxygen ion are left in the crystal. If both of
these two electrons are localized at the oxygen vacancy, the oxygen vacancy has two negative
actual charges and the charge is the same as in a perfect crysta. In this case, the oxygen vacancy
has zero effective charge. Such vacancies are neutral. If one or both of the localized electrons are
excited and transferred away from the neighborhood of the oxygen vacancy, the oxygen vacancy
becomes singly or doubly ionized, respectively. Since electrons are removed, the ionized oxygen
vacancies will have an effective positive charge with respect to the perfect crystal. The charged
oxygen vacancy becomes an electron trapping site but in this process one or two electrons are
available for conduction. For the conduction to be efficient, it is clear, that the volume fraction of
traps must be small. Typical free electron concentrations observed in binary oxides are in the region
10" - 10%cm™®. Even at an electron concentration of 10%'cm™. The oxides used as transparent
conductors are all chemically unstable. Therefore, they are relatively easy to oxidise and reduce.

1.1.3 Optical properties:

The previous sections showed that the conduction mechanism in the undoped and doped films of
indium oxide is related to the oxygen content of the film. An oxygen deficiency generates charge
carriers in indium oxide. In tin doped indium oxide the oxygen content effects conduction in the
film through the generation of traps and tin oxide complexes. Generally, a lower oxygen content in
the films corresponds to a higher conductivity.

However, oxygen deficient films tend to be less transparent than films with an oxygen surplus.
This trade of between alarge number of charge carriers needed for conduction and alimited number
needed for low absorption illustrates the need to critically control the oxygen content in the films.

An electromagnetic wave interacting with these layers will be completely absorptive by this one
if energy associated with the electromagnetic wave is able to transfer from the electrons of the
valence band to the band from conduction.

The index of refraction in the visible area extends between 1.9 and 2.08. Muller brought back an
effective mass m*=0,3 m, for the electrons of conduction [23].



Chapter | Indium oxide, properties and deposition techniques

I.1.4 Application of In,Og3:

Unique transparent and conducting properties of indium oxide thin films (In,O3) lead them for
numerous optoel ectronic applications such as:

1- Gassensors

There is no commonly accepted definition for sensor. However, in order to make clear what is
designated here by sensor, it will be adopted one of the commonly accepted definitions. For this
purpose, it was chosen a definition given by Jacob Fraden in the Handbook of modern sensors [ 24],
which states that “a sensor is a device that receives a signal or stimulus and responds with an
electrical signal”. The reason for the output of a sensor to be limited to electrical signals is related to
the present development of signal processing, that is amost exclusively performed using electronic
devices. Given this definition a sensor should be a device that receives a physical, chemical or
biological signa and converts it into an electric signal, which should be compatible with electronic
circuits. This definition may also be supported from the etymological origin of the word sensor.
Sensor seems to come from the word sense given that usualy sensor devices try to mimic or
reproduce human senses’ characteristics. In the biological senses the output is also an €electrica
signal that is transmitted to the nervous system. Recently a sufficient amount of work has been
reported on materias like In,O3 and Indium Tin Oxide (ITO) to detect hydrocarbon gases, ozone,
nitric oxide gases etc. [25.26].

2- Transparent Electrodes for Photovoltaics (TCO)

Transparent conducting oxide materials (TCO) underpin the photovoltaic industry by providing
the transparent electrodes for thin film solar cells, amorphous silicon solar cells, dye sensitized
solar cells (DSSC) and polymer based solar cells [27.28].

Traditional crystalline silicon solar cells have very high electron mobilities within the core
layer, owing to the large crystal grains and relatively few imperfections in the silicon. This high
mobility means that traditionally a grid of thin metal wires have been utilized as the top electrode of
solar cells. Where the metal grid functions to collect the current, but it covers alow enough surface
areato till et in the light. However, with the next generation of thin film materials which are
based on polycrystalline or amorphous materials, the electron mobility is much lower [29].
This reduced mobility means that lateral resistance across the surface of the solar cell istoo high to
use metal grids. As-such, third generation thin film solar cells use highly conductive, transparent
conducting thin films as the top layer contact electrode on solar cells, where They prevent

lateral resistive losses across the top electrode surface whilst maintaining high transmittance of the
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light into the absorbing layer of the solar cell stack [30]. Several work reveled that indium oxide can
be used as electrodes in solar cell [31.32].

[1.1 Thin film growth process:

Any thin-film deposition process involves three main steps:

1-
2-
3-

Production of the appropriate atomic, molecular, or ionic species.
Transport of these species to the substrate through a medium.
Condensation on the substrate, either directly or via a chemical and/or electrochemical

reaction, to form a solid deposit.

The formation of thin film is carried out by a combination of nucleation and growth process. The

sequences of the growth can be presented as follows:

1-

2-

The unit species, at the time of the impact on the substrate, lose their velocity component
normal to the substrate and are physically adsorbed on the substrate surface.

The adsorbed species are not in thermodynamic balance with the substrate, and thus move
over the substrate surface. In this process they interact among themselves, forming bigger
clusters.

The clusters or the nuclel, as they are called, are thermodynamically unstable and may tend
to desorb in time, depending on the deposition parameters. If the deposition parameters are
such that a cluster collides with other adsorbed species before getting desorbed, it starts
growing in size. After reaching a certain criticall size, the cluster becomes
thermodynamically stable and the nucleation barrier is said to have been overcome. This
step involving the formation of stable, chemisorbed, critical-sized nuclel is caled the
nucleation stage.

The small islands continue to grow in a number and dimension until they reach a density of
nucleation known as saturation. This density of nucleation and the average dimension of
the small islands depend on several parameters such as energy on the incidental species,
their quantity by unit of time and surface, energies of activation, absorption, desorption, the
thermal diffusion, the temperature, the topology and the chemical nature of the substrate. A
small island can grow parallel to the surface of the substrate by surface diffusion of the
absorptive species or perpendicular by direct impact of the incidental species on the small
island. In general, the speed of side growth is much larger than the speed of growth
perpendicular.
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5- The following step in the process of formation of the thin layer is the coalescence stage, in
which the small islands start coalescing with each other in an attempt to reduce the substrate
surface area. This step can be accelerated by increasing in mobility of surface of the species
adsorbed, for example by increasing the temperature of the substrate. In some cases,
formation of new nuclei may occur on areas freshly exposed as a consequence of
coal escence.

6- Larger islands grow together, leaving channels and holes of uncovered substrate. The
structure of the films at this stage changes from discontinuous island type to porous network
type. Filling of the channels and holes forms a completely continuous film.

One can thus summarize the process of growth of athin layer by saying that it is one statistical
continuation of nucleation, and then a growth by diffusion of surface and formation of small
islands, then a formation of islands of greater dimensions, and finally formation of alayer continue
by filling of species between these islands. Depending on the thermodynamic parameters of the
deposit and the substrate surface, the initial nucleation and growth stages may be described as (a)
island type, called Volmer-Weber type, (b) layer type, called Frank-van der Merwe type, and (c)
mixed type, called Stranski-Krastanov type. This is illustrated in Fig. 1.2. In amost all practica

cases, the growth takes place by island formation.

[1.2 Thin Film Deposition Processes:
The vast varieties of thin film materials, their deposition processing and fabrication
techniques, spectroscopic characterization and optical characterization probes that are used to

produce the devices. It is possible to classify these techniques in two ways 33, 34].

Physical Process
Chemical Process

Physical method covers the deposition techniques which dependson the evaporation or gection
of the material from a source, i.e. evaporation or sputtering, whereas chemica methods depend
on physical properties. Structure-property relationships are the key features of such devices and
basis of thin film technologies. Underlying the performance and economics of thin film
components are the manufacturing techniques on a specific chemical reaction [35]. Thus chemical
reactions may depend on therma effects, as in vapour phase deposition and thermal growth.
However, in all these cases a definite chemical reaction is required to obtain the final film.
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Island Structure

77 77

Substrate

(a) Volmer-Weber Type

Uniform Film

Substrate

(b) Frank-van der Merwe Type

Uniform Film
Island Structure

Substrate

(c) Stranski-Krastanov Type

Figure.l.2 Three modes of thin film growth processes.

When one seeks to classify deposition of films by chemical methods, one finds that they can be
classified into two classes. The first of these classes is concerned with the chemical formation of
the film from medium, and typica methods involved are electroplating, chemical reduction
plating and vapour phase deposition. A second class is that of formation of this film from the
precursor ingredients e.g. iodization, gaseous iodization, thermal growth, sputtering ion beam
implantation, CVD, MOCVD and vacuum evaporation.

The methods summarized in table.l.1. are often capable of producing films defined as thin films,
i.el pum or less and films defined as thick films, i.e. 1 um or more. However, there are certain
techniques which are only capable of producing thick films and these include screen printing,

glazing, electrophoretic deposition, flame spraying and painting.

10
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Thin Film Deposition Techniques

AN

-

PHYSICAL

N

N/

~

CHEMICAL

N

N

Sputtering Evaporation Gas Phase Liquid Phase
Glow discharge Vacuum Chemical vapour Electro-deposition
DC sputtering Evaporation Deposition
Triode Resistive Laser Chemical Chemical bath
sputtering heating vapour deposition deposition (CBD) /
Evaporation Arrested
Precipitation
Technique (APT)
Getter Flash Photo-chemical Electro less
Sputtering Evaporation vapour deposition deposition
Radio Electron beam Plasma enhanced Anodisation
Frequency Evaporation vapour deposition Liquid phase
sputtering Epitaxy
Magnetron Laser Evaporation Metal-Organo Sol- gel
sputtering Chemical Vapour Spin Coating
Deposition (MOCVD) Spray-pyrolysis
technique (SPT)
A.C. R. F. Heating Ultrasonic (SPT)
Sputtering

Table.l.1 Thin film deposition processes.
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I1.2.1 Physical Processes:

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 very considerably reduced, the amount of impurities

in the growing layer will be minimised. Two types of thermal evaporation processes are shown in

Fig. 1.3.

( 3\

Substrate
Evaporation
Sﬂume Heater

Vacuum

Resistive Heating

Vacuum

}/ Chamber

Evaporation

Source

Vacuum

'

Substrate

L
Electron

Beam
Source

Electron Beam

Figure.l.3 Thermal evaporation process.

Vacuum
Chamber

Resistive heating is most commonly used for the deposition of thin films. The source

materials are evaporated by a resistively heated filament or boat, generally made of refractory

metals such as W, Mo, or Ta, with or without ceramic coatings. Crucibles of quartz, graphite,

alumina, beryllia, boron-nitride, or zirconia are used with indirect heating. The refractory metas are

evaporated by electron-beam deposition since ssimple resistive heating cannot evaporate high

melting point materials.

12
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[1.2.1.1 Pulsed laser deposition :

(PLD) is an improved thermal process used for the deposition of alloys and/or compounds with
a controlled chemical composition. The principle of the deposit of thin layers by laser ablation
(Pulsed Laser Deposition) is relatively ssmple. An impulse laser beam (more often nanosecond) is
focused on a massive target, placed in one enclosure ultra-high vacuum. Under certain conditions
of interaction, a quantity of matter target is gjected, and can be collected on a substrate placed in
opposite. The nature and the quality of the deposit depend on many parameters (energy of the laser,
nature and pressure of residual gas in the enclosure ...). In all the cases, it is necessary to control the

transport of the species of the target until the substrate.

VYacuum

\ s
Eximer L‘f'<\‘ Plume é

Off-axis

Targel

To Pump

Figure. I.4. Pulsed laser deposition (PLD) uses a laser to ablate the source material from
atarget. The materia is collected on substrates (S) in the form of thin films.

11.2.1.2 Molecular Beam Epitaxy (MEB):

MBE is a sophisticated, finely controlled method for growing single-crystal epitaxia filmsin a
high vacuum (10" torr). The films are formed on single-crystal substrates by slowly evaporating
the elemental or molecular constituents of the film from separate Knudsen effusion source cells
(deep crucibles in furnaces with cooled shrouds) onto substrates held at a temperature appropriate
for chemical reaction, epitaxy, and re-evaporation of excess reactants. The furnaces produce atomic

13



Chapter | Indium oxide, properties and deposition techniques

or molecular beams of relatively small diameter, which are directed at the heated substrate, usually

silicon or gallium arsenide. Fast shutters are interposed between the sources and the substrates. By
controlling these shutters, one can grow superlattices with precisely controlled uniformity, lattice
match, composition, dopant concentrations, thicknesses, and interfaces down to the level of atomic
layers.

11.2.1.3 Sputtering:

When a solid surface is bombarded with energetic particles such as accelerated ions, surface
atoms of the solid are scattered backward due to collisions between the surface atoms and the
energetic particles, as shown in Fig. 1.5. this phenomenon is called back-sputtering, or simply
sputtering. When a thin foil is bombarded with energetic particles, some of the scattered atoms
transmit through the foil. The phenomenon is called transmission sputtering. The word “spluttering”
is synonymous with “sputtering.” Cathode sputtering, cathode disintegration, and impact

evaporation are also used in the same sense.

Incident lon

w
Sputter Atom
= > Q Target Atom
\
\
A\
\ Target Surface

OO0
,,, lon Implantation

Figur 1.5. The physical sputtering processes.

I1.2.2. Chemical Deposition Techniques:

A deposition technique, in which chemical components react on the surface of the substrate to

form asolid filmis called chemica deposition technique [ 36].
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[1.2.2.1. Sol-Gd Process:

two types of processes can be used to form thin films:

Dip Coating: Dip coating or immersion coating is a simple old way of thin film
deposition by immersing a substrate in the solution of the coating material at a constant
speed (preferably judder free). Film thickness is set by the competition among viscous
force, capillary (surface tension) force and gravity. Thickness and uniformity can be
sensitive to flow conditions of the substrate in the liquid bath and gas overhead. The
withdraw speed of the substrate, the thicker of the film deposited. Theoretical prediction
of process performance is more difficult, and the control of the process more demanding
[37].

Spin Coating: Spin coating process consists of putting the drops of liquid precursor
on the surface of a spinning substrate. The film formed on the substrate results from two
balancing forces. the centrifugal force (due to spinning) which drives the viscous sol
radially outwards and viscous force (due to friction) which acts radially inwards. Spin
coating is the cheapest film production method in silicon technology. However, thinner

films (<100 nm) are hard to make and can waste 98% of the process materials [ 38].

substrat

il <

+— 50]

- =

‘“-q__‘_‘_‘—._'_._,_.-o-"

Dip-coating Spin-coating

Figur 1.6. Sol-gel process.[39]
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11.2.2.2. Electrodeposition:

Electrodeposition, also known as electrochemical deposition or electro crystallization, it is one
of the most useful techniques for preparing thin films on the surface of conducting substrate.
Besides advantages such as low temperature, the electrodeposition is the ssmplest of the chemical
methods, and it has many advantages like [34]:

Toxic gaseous precursors need not to be used (unlike gas phase methods).

Deposition on complex shapesis possible.

Structurally and compositionally modulated alloys and compounds can be deposited which are
not possible with other deposition techniques.

In most of the cases the deposition can be carried out at room temperature enabling to form the
semiconductor junctions without interdiffusion.

The deposition process can be controlled more accurately and easily.

Constant voltage source

T|,—
If

1 1777771 == Cathode
Anode ——» @ e | I

- R

—— Electrolyte

Figur 1.7. Schematic diagram explaining the
electrodeposition
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11.2.2.3. Plasma-Assisted Chemical Vapor Deposition (PACVD):

Is one of the modifications of the conventional CVD process. In the PACVD system, electric
power is supplied to the reactor to generate the plasma. The power is supplied by an induction coil
from outside of the chamber, or directly by diode glow-discharge electrodes. Usually the working
pressure is in the range of 10 to 100 Pa. In the plasma, the degree of ionization is typically only 10°
4 so the gas in the reactor consists mostly of neutrals. lons and electrons travel through the neutrals
and get energy from the electric field in the plasma. The average electron energy is 2 to 8 eV, which
corresponds to electron temperatures of 23,000 to 92,800 K. In contrast, the heavy, much more
immobile, ions cannot effectively get enough coupling energy from the electric field. The ions in
the plasma show dlightly higher energy than the neutral gas molecules at room temperature.

Typicaly the temperature of theionsin plasmais around 500 K.
11.2.2.4. Spray Pyrolysis:

In this deposition technique, liquid precursors are sprayed on substrates maintained at elevated
temperatures. The sprayed micro-droplets reaching the hot substrate surface undergo pyrolytic
decomposition and form a cluster of crystallites the sprayed materials. In this deposition technique
the Droplets are generated by tow way: the solution containing the precursors is carried by a
relatively pressurized air flow; the atomization into droplets is formed at the nozzle orifice. This
method is called the pneumatic spray (PS) (ii) the solution is atomized by an ultrasonic wave
generator (see figurel.8); thisis so called ultrasonic spray (USP). The droplet size is more uniform
and finer in ultrasonic spray jet than in pneumatic spray. Moreover, the droplet velocity are
relatively low in USP than in PS, these differences may have an influence in films growth in these

two methods.

High———_
frequency
input

1

Piezoalectric-

transducers Fluid passage Atomizing
surface

Figur 1.8 Schematic of an ultrasonic atomizer.
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11.2.2.4.1. Advantages of Spray Pyrolysis:

It has severa advantages in producing nanocrystalline thin films, such as, relatively homogeneous
composition, inexpensive and permits easy deposition in the atmospheric condition. a ssmple and
deposition on glass substrate because of the low substrate temperatures involved, It is possible to
alter the mechanical, electrical, optical and magnetic properties of 1n,O3 nanostructures. One of the
major advantages of spray pyrolysis over the vapor-phase routes is the possibility of producing
multicomponent particles with exact desirable stoechiometry in the fina product. Depending on the
substrate temperature, precursor type, and the nozzle-to-substrate distance the droplets can
evaporate or decompose completely before reaching the substrate, resulting in a process resembling

to CVD, or theliquid is deposited without evaporation.

11.2.2.4.2. Fundamental aspects of spray pyrolysis:

The chemical reaction that provides the basis for the spray pyrolysis techniqueis the thermal
decomposition of the initial material. Then the oxidation of the decomposition products and
the formation of the desired layer material will ensue. To ensure that pyrolysis will only
take place at the earliest directly in front of the substrate surface, itis necessary to keep the
temperature of the initial material below the decomposition temperature. This can be
achieved by dissolving the initial material in a solvent, atomizing it into fine droplets and
carrying these droplets to the hot substrate with a carrier gas. During the continuous
vaporization of the solvent, the temperature of the dissolved initial material is held almost at
the boiling point of the solvent until the solvent isentirely vaporized. Firstly the solvent has
to cool the starting material and thus prevents the material from decomposing too soon.
Secondly it is possible to obtain the desired particle size for the optimum chemical reaction
a the substrate surface by using a well-defined composition and atomization of the solution.
The ideal transportation to the substrate will be when the droplet approaches the substrate
just as the solvent is vaporized entirely. However, since in the generation of droplets a
uniform droplet size cannot be attained and the thermal behaviour of the droplets depends
on their mass, there will be different deposition processes depending on the size of the
droplets. Figure.l.9. shows the various deposition processes that occur above the required

decomposition temperature depending on the droplet size.
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Figur 1.9 Deposition processes inrelation to the droplet size
(modified from the work of Viguik and Spitz [40] ).

In process (A) the droplet is so large that the heat absorbed from the surroundings will not be
sufficient to vaporize entirely the solvent on the way to the substrate. The droplet hits the
substrate, where the solvent is entirely vaporized leaving adry precipitate; the temperature
has now increased above the boiling point of the solvent and decomposition occurs. Because
the vaporization of the solvent locally removes alot of heat, the substrate temperature decreases at
this point. This affects adversely the kinetics of the reaction, i.e. equalization of the particle
concentrations does not occur. The surface becomes rough and the transmission decreases
markedly.

Process (B) is distinguishable in that the droplet dries up entirely before reaching the substrate and
then hits the surface in a statistical distribution. Some of the particles evaporate and
condense inthe gaps between the particles where the surface reaction starts. Inthis process
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also, the vaporization of the particle localy removes alot of heat, but not to the same
extent asin process (A).

Process (C) includes the classical chemical vapour deposition process leading to the optimum film
properties. In this process the solvent is entirely vaporized short of the substrate. Before the particle
reaches the substrate, there is sufficient time for it to warm up to ambient temperature.

The behaviour of the smallest droplets is shown in process (D). In this process the solvent is already
completely vaporized far away from the substrate. The particle melts and vaporizes (or sublimes)
and a chemical reaction will occur in the vapour phase. Thisis ahomogeneous reaction, because all
reactant molecules and product molecules are in the vapour phase. The molecules condense as
micro-crystallites, which form a powdery precipitate on the substrate. This powder disturbs the
formation of the layer and leads to a reduction in transmission. In addition the homogeneous
reaction diminishes the deposition efficiency of this procedure.
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Chapter Technical preparation and characterization

This chapter will be devoted on the experimental conditions and the characterization methods

which are used to prepare and characterize the indium oxide thin films (In,Og) .
[1.1.In,Ozthin films prepared by ultrasonic spray

In,O3 thin films prepared by this technique depend on the preparation substrate and starting
solution. Substrate elevator is placed above the resistance which is connected to temperature
regulator. To avoid thermal shock of the substrates, the elevator is gradually heated from room
temperature to the chosen temperature for deposition.

When the heating is done, we fix and/or change the solution sprayed on the substrate by
(Syringe pump PHOENIX D-CP) and the amplitude of the sound wave is fixed at 40%. So Fine
droplets are sprayed onto the heated substrate. Finaly, the chemical reaction between the

compounds takes place on the substrate due to the temperature which activates this reaction.
[1.1.2. Experimental conditions

The experimental conditions change with the change of the deposition parameter studied. In our

study of deposition indium oxide by ultrasonic spray we investigate effect of the:

1
2
3
4

Deposition time.
Solution flow rate.
Surface substrate.

Annealing temperature.

So for the first parameter we take these conditions which are summarized in the table I1.1.

Deposition time | Solution flow rate Temperature Distance spray | Concentration of
(min) (ml/h) (°c) nozzle-substrate the solution
(cm) (mol/h)
4 50 400 5 0.1
50 400 5 0.1
10 50 400 5 0.1
13 50 400 5 0.1

Tablell.1. The experimental conditions for the first parameter (deposition time)
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For the second parameter we take these conditions which are summarized in the table 11.2.

Deposition time | Solution flow rate Temperature Distance spray | Concentration of
(min) (ml/h) (°c) nozzle-substrate the solution
(cm) (mol/h)
25 400 5 0.1
40 400 5 0.1
55 400 5 0.1

Table11.2. The experimenta conditions for the second parameter (solution flow rate)

For the third parameter we take these conditions which are summarized in the table 11.3.

Deposition | Solution flow | Temperature | Distance spray | Concentration | Substrates
time (min) rate (°c) nozzle- of the solution
(ml/h) substrate (cm) (mol/h)
25 550 5 0.1 glass
4 25 550 5 0.1 KCl single
Crystal
4 25 550 5 0.1 Si single
Crystal

Table 11.3. The experimental conditions for the third parameter (Surface substrate)

For the fourth parameter we take these conditions which are summarized in the table I1.4.

Deposition time | Solution flow rate Annealing Distance spray | Concentration of
(min) (ml/h) temperature nozzle-substrate the solution
(°c) (cm) (mol/h)
4 40 300 5 0.1
40 500 5 0.1

Table11.4. The experimental conditions for the last parameter (Annealing temperature)

* For the annealing temperature the as-deposited film deposited on glass substrate hated at 150 °C.
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I1.1.3. Used substrates

Indium oxide thin films deposited on glass substrate when we studied effect of the deposition
times, solution flow rate and Annealing temperature on the structural, morphological, optical and
electrical properties of these films. However, for the third parameters we prepared the 1n,O3 thin
films on glass, single crystalline Si (400) wafer and KCL single crystal substrates. The Si single
crystal substrate was used for investigates the structural properties of 1n,O3 films.

[1.1.4. Cleaning of the substrates

The quality of Indium oxide thin films depends on purity and surface state of the used substrate.
The process of cleaning surface for the glassand Si single crystal substratesis as follows:

1- Firstly using a pen with diamond point to cut the substrates.

2- Rinsing with the water distilled and then with acetone during 5 min.

3- Rinsing with distilled water.

4- Washing in methanol at ambient temperature in a bath with the Ultrasound for to eliminate
the traces from greases and impurities stuck to surface of substrate then they areto cleanin a
water bath distilled with the Ultrasound.

5- Dryingusing adrier.

Fig.1l.1. Glasses substrates and diamond pen used.
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Fig.11.2: Photograph of aKCl single crystal substrate.

For the KCL single crystal we don’t use the chemical cleaning due to the sensibility of this
substrate, The KCI single crystal prepared using the Czochralski (Cz) method is cleaved paralld to
the (100) plane with the required size. Figure 11.2. Displays a photograph of a KCl single crystal
substrate.

[1.1.5. Preparation of the solutions:

Indium Oxide thin films were prepared by spraying a solution containing a 0.1M of indium
chloride InCl3 in absolute volume of ethanol (C;HsOOH) as a solvent. We give the various

properties of Indium chloride and Ethanol.

1- indium chloride;

Purity: 99.99%

Aspect: white crystal (dissolve in water)
Density: 3.46g/cm3

Melting point: 586 °C
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Figure. 11.3: InCL3 powder

2 Ethanal:
- Aspect: liquid

- Calor: colorless

- PH: neutra (20°C)

- Médlting point: —117°C

- Boiling point: 78°C

- Dynamic viscosity: (20°C) 1,2 mPa*s

- Temperature of auto combustion: 425°C
- Point flash: 12°C

- Vapor pressure: (20°C) 59 mbar

- Density: 0,79 g/lcm3

[1.1.6. Used Montage:

The ultrasonic spray technique was used to deposit Indium oxide (In;O3) thin films has the
following shape and characteristics:
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1: ultrasonic generator with 40 KHz frequency permits to generate the ultrasonic waves and submit
them to the atomizer.

2: resistance to heat the substrate.

3: substrate holder.

4: temperature regulator related to athermocouple to control the temperature.

5: syringe pump Model PHOENIX D-CP (GF-FOUREYS) to control the flow rate

6: atomizer to decompose the solution to fine droplets.

7: syringe contains the solution.

8: thermocouple.

Fig.11.4. montage of ultrasonic spray technique
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I1.2. Characterization methods of 1n,03: In this section we present the technical

characterizations of indium oxide thin films.

[1.2.1 X-ray diffraction

X-ray diffraction was used to determine the crystalline structure, preferentia orientation of the
crystallites average crystalline size and stress in the films. X-ray diffraction spectra were acquired
using a D8 ADVANCE diffractometer (A=1.5405 A°). The basic law involved in the diffraction

method of structural analysis is the Bragg’s law which is given by the relation [41]:

n A= 2d sin (11.1)

Where: n is the order of diffraction. A is the wavelength of the x-rays, d is the spacing between

consecutive parallel planes.

[1.2.2. Determination of the grains size:

The average grains size D of 1n,O3 is estimated using Scherrer’s formula [42]:

0.9\

D= e (11.2)

Where 0 is the Bragg’s angle and 8 is the full width at half maximum (FWHM) of the peak, 4 isthe
X-ray wavelength.

FWHM

Intensity (au)
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CAG T 4G 046947 047 147,247 147 447 547 647 T47.047 9
2deqg)

Fig.11.5: determination of (3
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[1.2.3. Determination of the lattice parameters

The lattice parameters (a = b = ¢) have been determined by equation [43]:

a=d h®+ k%2+ 12 V2 (IL.3)

where d is the lattice spacing of the crystal planes (h k I).

[1.2.4. Strain Deter mination:

The strain (€) is calculated using the relation [44]:

_ Pros6
T4

5 (11.4)

Where 6 is the Bragg’s angle and {3 is the full width at half maximum (FWHM) of the peak.

[1.2.5. Determination of the dislocation density (d).

The dislocation density () is calculated using the formula[45]:

5= — (I1.5)

The structural parameters like lattice parameters, strain and the dislocation density of preferred
growth orientation are calculated by these relations.

I'1.2.6. Scanning Electron Microscopy (SEM):

The electronic microscope (SEM) is based on the analysis of the interactions electron/matter
during the bombardment of the sample by abeam of electrons.

The basic steps involved in al SEM are the following: A stream of electrons is formed in high
vacuum (by electron guns). This stream is accelerated towards the specimen (with a positive
electrical potential) while is focused using metal apertures and electromagnetic lenses. In the final
lens, the SEM contains extra sets of coils that allow it to deflect the electron beam back and forth
across the sample.

A large number of interactions occur when afocused electron beam strikes the surface of a solid
[46]. Among the signal's produced are secondary electrons, backscattered el ectrons, characteristic
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and continuum Xx-rays, Auger electrons and photons of various energies. The primary effects on the
electrons of an electron beam striking the sample are elastic scattering (change of direction with
negligible energy loss) and inelastic scattering (energy loss with negligible change in direction).
Elastic scattering is mainly caused by interactions with the nuclei of the atoms and results in
significant deviations from the direction of the incident beam. Inelastic scattering is caused by two
mechanisms, inelastic interaction with the atomic nucleus and inelastic interaction with the bound
electrons. If inelastic scattering occurs through interaction with the atomic nucleus, the moving
electron looses energy in the Coulomb field of the nucleus and emits white or continuumx-ray
radiation. If inelastic scattering occurs between a loosely bound electron on an outer shell of the
atom and an electron of the incident beam, energy is lost from the beam electron and transferred to
the loosely bound electron which is gected. The electrons gected through this process are caled
secondary electrons. However, these electrons are strongly absorbed, and if they are produced much
below of the surface of the sample the probability of escaping is extremely small. A schematic
illustration of the signals emerging from a solid struck by an electron beam is shown in Fig.ll.6.
Inelastic scattering can result in a variety of ionization processes, such as the emission of

characteristic x-rays and the g ection of Auger electrons.

» ‘____..-1DA—Aun=r electrons

Secondary electrons

Backscatlered electrons

Characteristic X-rays

E~E,

E=0

Continuum X-rays
:;—'Stzcundary fluorescence

by continuum and
characteristic x-rays

resolution

*-ray resolution

Fig.11.6: Electron and photon signals emerging froma solid struck by an electron
beam [46].
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The most common imaging mode collects low-energy (<50 eV) secondary electrons that are
gjected from the k-orbital of the specimen atoms by inelastic scattering interactions with beam
electrons. Due to their low energy, these electrons originate within a few nanometers from the

sample surface.
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Figurell.7: schematic representation of scanning el ectronic microscopy [46].

satnple

[1.2.7. Measurement of film thicknessby SEM:

We can measure the film thickness directly by the Cross-sectiona images of the 1n,O3 thin films
obtained by the SEM (Jeol, model JSM 6301F scanning microscopy), using a program called

Visiometer.
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Mesure directe de I'é paisseur
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Figurell.8: Direct measurement thickness of afilm from picture obtained by SEM.

11.2.8. Energy Dispersive X-ray analysis (EDX):

EDX is an anaytica technique which utilizes x-rays that are emitted from the
specimen when bombarded by the electron beam to identify and quantify the elemental
composition of the specimen. The energy dispersive x-ray analysis system is usualy
attached to a scanning electron microscope system (SEM).

11.2.9. Infrared Spectroscopy:

Spectroscopy is the study of matter and its interaction with electromagnetic radiation. All matter
contains molecules; these molecules have bonds that are continually vibrating and moving around.
These bonds can vibrate with stretch motions or bend motions. Imagine two balls attached by a
spring, representing a diatomic molecule. The movement of each ball toward or away from the
other ball along the line of the spring represents a stretching vibration (fig. 11.9.1). Stretching can
either be symmetric or asymmetric. A molecule with three or more atoms can experience a bending
vibration, avibrational mode where the angle between atoms changes (fig. 11.9.2). in the following

examples, imagine atriatomic molecule ABC.
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Symmetric Stretch: allows molecule to move through space

OR

—_ —>

Asymmetric Stretch: leads to an increase or decrease in bond length
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Figure. 11.9.2: Bending Vibrations
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Figure. 11.9.1: Stretching Vibrations

11.2.10. Optical characterization:

The ratio of the transmitted light intensity | to the incident light intensity | , when light is

passed through an absorbing film, is given by Beer-Lambert relation:
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I = Ipexp -ad (I1.6)

Where a is the absorption coefficient and d the thickness of the film.
The transmittance T (quantity of the transmitted light) can be directly measured,
where: T (%) = I/ 1. (100). and thus, for a film of known thickness, the absorption

coefficient can be cal culated from the transmission data.

1, 100
“=d M Ty

(I.7)

We measured the sample transmittance spectra with dual beam UV-VIS-NIR scanning
spectrophotometer of type SHIMADZU UV-3101 PC, its operation principle is represented in
figure 11.9. Spectra obtained give the variation of transmittance expressed as a percentage according

to their wavelength.
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Figurell.10: schematic representation of scanning el ectronic microscopy [46].
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11.2.11. Optical Gap:

The fundamental absorption is related to the band-to-band transitions in a polycrystaline
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 In,O3 filmsis estimated from Tauc relationship [47.48]:

afv = A hv- Eg (11.8)

Where a is absorption coefficient, A is the constant independent of photon energy (hv), h is the
Planck constant and Eg 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 axisin the plot of aBv “ asafunction of

hv asshown in Figure I1.11.
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FigureI1.11: determination of Eg
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I'1.2.12. Disorder calculating:

Eoo is usualy used to describe the width of the localized states in the bandgap (but
not their positions). Pankove has shown that the value of Eu is related to the impurity
concentration [49]. However, Redfield has shown that al 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 al possible defects [50]. According to the Urbach
law of the expression of the absorption coefficient is as follow:

hv
a = agexp ?.D (I1.9)

By drawing In (&) versus hv we can determine Eu value as the reciproca of the linear part slope
[51] (figure11.12):

h
Ina = Inay +— (I1.10)
Eyg

Figure I1.12: Determination of the disorder
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[1.2.13. Refractive index

The refractive indices (n, in the chapter 1V) were determined from the reflectance (R) data using
[52.53]:
n-1°72

[1.2.14. Four-point probe resistivity measurements

Four-point probe measurements are made using four identical probes, equally spaced along the
surface of the sample. A current is forced through the outer two probes while measuring the voltage
across the inner two probes. Using a high-impedance voltmeter or electrometer, very little current
flows through the inner probes, minimizing the contact resistance associated with the voltage
measurement. Using only two-point measurements, the voltage is measured with current-carrying
probes. As such, the probe and contact resistances become non-trivial.

The more usual probe geometry configuration is when the four probes are placed in aline, as shown

in Figure11.12. The voltage at probe 2, V2, induced by the current flowing from probe 1 to probe 4

isgiven by:
-2 1 1
Uz - 2n 51 5213y (II. 12)
The voltage at probe 3is:
py=2 1 _ 21 (I1.13)

2n 513z Sy

Then, by measuring V=V2-V3, the voltage drop between probes 2 and 3, and the current | through
probes 1 and 4, the resistivity can be determined using (11.12) and (11.13) as:

2 /I
P= T 7 1 i (1I.14)

4

51 '52 Satsg S1ts5az

Thus, a direct measurement of the resistivity can be made using a high-impedance voltmeter
and a current source. When the probe spacings are equal (sl= s2= s3= s), which is the most
practical case, then (11.14) becomes:
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p= 2ms.$ (11.15)

Equations (11.14) and (11.15) are valid only for semi-infinite samples; that is, when both the
thickness t and the sample surface are very large ( - o), and the probes* locations must be far from
any boundary. Because these relations can be applied only to large ingots, then in many cases a
correction factor f must be introduced in order to take into account the finite thickness and surface
of the sample and its boundary effects. Further, for epitaxial layers, f must also consider the nature
of the substrate — whether it is a conductor or an insulator. Thus, (11.15) becomes:

p=2ms.—.f (11.16)

For a thin semiconductor wafer or thin semiconducting layer deposited on an insulating substrate,
and for the conditiont < s/2, which represents most practical cases because the probe spacing s
isusually on the order of a millimeter, then the correction factor due to the thicknessis:

o 2 : - 8
f=2£  sotha: p=4532t.2  (11.17)

Figure11.13: Linear four-point probe configuration. The sample thicknessist and aisthe
Distance from the edge or boundary of the sample [54].
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[11.1. Introduction

It is well recognized, that the properties of 1n,O3 films obtained by ultrasonic spray process
are close related by the deposition parameters of this technique. Therefore, deposition conditions
have been widely studied in order to improve these properties of sprayed In,Os films. The most
studied parameters are: substrate-nozzle distance (SND) [11] substrate temperature [12,13] and
doping [14].

In this chapter, we will studied the influence of the deposition times on the crystaline
structure, morphologic, optical, and electrica properties of sprayed In,O3 thin films; and we

evaluated the relationship between these properties in general.

[11.2. Growth rate
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Figure. I11.1. Variation of Thickness and deposition rate as a function of deposition time

Dependence of the thickness and growth rate of 1n,O3 films on deposition timeis plotted in Fig.I111.
The growth rate is estimated from the ratio of film thickness on the deposition time. As can Be seen,
the growth rate decrease with the increasing of the deposition time although the amount of the
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solution sprayed on the surface substrate augment, this can be accounted to the limited-increase of
the films thickness. Saad Rahman found the similar observation for variation of the growth rate as a

function of the deposition time [55].

[11.3. XRD analysis

The XRD patterns for In,Oz thin films grown at various deposition times are shown in Fig. 111.2.
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Figure. I11.2. Evolution of the spectra of X-rays diffraction of 1n,Os3 thin films for all deposition
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For the deposition time (t) equals 4 min the XRD spectrum of this sample exhibits a preferential
orientation peak located at 26 = 30.69°. However, we noticed the presence of a broad peak between
20° and 25°, indicating clearly the presence of an amorphous phase in the film network. This
suggests that the structure of this film is heterogeneous, it is formed with a small grains embedded
in an amorphous phase in the film network. With increasing of deposition time by more than 4 min,
we notice that the broad peak has been disappeared completely in addition to the presence of two
main peaks and weak peaks: two main peaks occur at 26 = 30.69° and 35.58°. These peaks
correspond to the diffraction from the (222) and (400) planes of 1n,Os, respectively. The weak
peaks centered at 21.77°, 37.80°, 45.69°, 51.23°, 60.69° and 75.01° peaks are identified as 1n,Os
(2112), (4112), (431), (440) (622) and (800) planes, respectively.
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Fig. 1114. Deposition time effect on the film texture.

All peaks from XRD patterns coincide well with those given in the JCPDS data card (6-416) (see
figure 111.3). the preferred growth orientation of In,O3 thin films depends on the deposition time.
The intensity ratio of the (400) to (222) reflection is used to evaluate the deposition time effect on
the film texture of the films, as shown in Figure. 111.4. Depending on the results of the current study
we found that the ratio 1(400)/1(222) increase with the increasing of deposition time from 4 minto 7
min. Then decreases dlightly as the deposition time was 10 min. finally it increases considerably for
13 min and the (400) orientation becomes predominant. Korotcenkov et a. presented that; the ratio
1(400)/1(222) increase with the increase of spray pyrolysis temperature in sprayed 1n,O3[56] or the
increase of film thickness [57]. They have also found that the peak intensity ratio of 1(400)/1(222)
increases with increasing film thickness [58]. The 1(400)/1(222) ratio suggests that films deposited
at 4, 7 and 10 min possess a strong crystallographic texture along the [1 1 1] direction and when the
deposition time increase to 13 min, the texture is changed to [10 O] direction. The preferentia
orientation development of crystalline grains mainly depends on the initial orientations during the
nucleation process. For the deposition time equals 4 min the (222) nucleation is a primary
nucleation due to the surface free energy of formation of the main planes of the In,O3 bixbyite
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phase, the (111) texture is expected since the high atomic density (111) plane of the bixbyite
presents a lower surface free energy plane, as it has been previousy discussed [59], and this
accounts for the presence of one diffraction peak for t = 4min. However, with increasing of
deposition time more than 4 min, the growth of nuclei takes place due to surface diffusion of
impinging solution sprayed. Then the (400) nucleation can be formed competitively with the (222)
nucleation. In the same regard, Jin-Hong Lee et a has found that the nuclei number increase with
the increase of deposition time and it will grow as well [60]. Finally the (400) nucleation is
preferred for 13min, and a strict improvement in preferred growth is observed, although the (111)
texture presents a lower surface free energy plane. This can be attributed to the increase of the film
thickness which suppresses the intensity of the (222) plane and stimul ate the (400) orientation of the
IN,O3 films. This goes in harmony with the XRD analysis which indicates that with increasing of
deposition time the intensity of the plane (222) decreases (see figure.lll. 2), Qiao Z et a was
mentioned that the growth of the (222)-grains is suppressed with increasing thickness [61]. On the
other hand, the change in the strongest orientation of the XRD peak is correlated with the change in
grain shapes as observed by SEM analysis (explained later). This probably indicates that the
deposition time influences the evolution of microstructures and thereby reflects on the strongest
orientation observed by XRD studies.
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Figure. I11.5. The lattice parameters (a = b = c) of the In,O5films
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The lattice parameters (a = b = ¢) of the In,Os films are shown in figure I11.5. it is clear that the
|attice parametersis slightly smaller than the reported value of 10.11 A° for pure indium oxide
(see Figure. 111. 3). Thischange in the value of lattice parameter may be attributed to the
strain effect arising from thermal expansion [62].
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Figurell1.6. Average grain size of In,Osthin film as afunction of deposition time.

Figure I11.6. Presents variation of grain size as a function of deposition time, the results show
that average grain size increases from 20 to 76 nm with increasing of deposition time. The increase
of the crystallite size with the increase of deposition time can be explained as follows. As the
deposition time increases, the amount of solute reaching on the surface of the substrate increases to
form film and therefore the electrostatic interaction between solute atoms becomes larger, there by
increases the probability of more solute to be gathered together to form a crystallite [63]. However,
it is interesting to note that the average grain size increases dlightly when the deposition time

change from 7 min to 13 min. this can be attributed to that cohesive growth with the lower grains
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does not go on forever, and new grains are nucleated on top of the old ones above this deposition
time; the grain size cannot be increased indefinitely because of the limitation on the surface
mobility of the adsorbed species [64] and the SEM surface (side view. Figure 111.7) of the film
deposited at 13 min confirm this explanation. Such behavior of In,O3; grains were observed in
several studies [65, 57].

New grains

Figure I11.7. SEM surface Image of In,O3 thin film deposited at 13 min (side view)

The dislocation density (8) and the strain (€) of (222) plane are shown in figure 111.8. The
dislocation density and strain show a decreasing trend with increasing in deposition time. This is
due to the Improvement of crystalin quality of the films with the increase of the deposition time. M.
Jothibas et a found that the crystal defect show a decreasing trend with the improvement in
crystalin state of the indium oxide thin films [66].
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[11.4. Morphological properties

Figure 111.9. Shows the SEM surface images of the In,O3 thin films deposited at different deposition
times. As the deposition time increases, changes in the morphology of the films are observed. It is
interesting to note that, in the case of the films deposited at 4 min (Fig. 111.9 (a)) and 7 min (Fig.
111.9 (b)), grains with pyramidal-shape are formed. While for the film deposited at 10 min (Fig. I11.9
(0)), in addition to the pyramid-shaped grains, we notice emergence another grains are granular in
shape. The sample deposited at 13 min (Fig. 111.9 (d)) shows that the grains are granular in shape
but seen to be densely packed. The difference in grain shapes probably suggests difference in
growth orientations and corroborates the XRD studies. The fact that the mean crystalite size
obtained using Scherer’s formulaisin all cases substantially smaller than the dimension of the grain
observed by the SEM images, indicating that these grains are probably aggregates of many
crystalites of In,0O3. The Gibbs free energy of the surface of nano crystalsis usually high, and the
grains have the tendency toward aggregate formation, thereby reducing the Gibbs free energy [67].
The forgoing discussion, leads to the conclusion that the grains shape can be changed by varying
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Figure I11.9. SEM surface images of the In,O3 thin films deposited at various deposition time of: (a) 4min, (b)
7min, (¢) 10 min and (d) 13min.




Chapter llI Deposition times influence on indium oxide thin films

deposition time, these results are consistent with the fact the grain shape depends on the growth
conditions [68]. Also the SEM surface Images shows that the film deposited at 13 min is less
Roughness than the other films. The less roughness surface is probably due to the most preferential
growth in the [100] direction over the entire surface. It was recently reported that the preferential
growth induces flat surfaces of 1TO films by Kim et a. [69]. However, we believe that the surface
morphology of the films deposited at 4, 7 and 10 min are more suitable for utilization as transparent
oxide front layer in solar cells application than the film deposited at 13 mi because this surface
morphology enhances the light trapping in silicon absorber layer [70] and The optical properties

confirm this hypothesis (explained later; in the optical properties).

Fig. 111.10. Cross-sectional images of the In,Os thin films deposited at various deposition time of: (a) 4 min and
(b) 13 min.

Figure 111.10. Confirms that microstructure is greatly influenced by the deposition time, From
Fig. 111.10. () it is observed that some grains grew in the through-thickness direction, but others did

not. It can be seen alsoin Fig. 111.10. (b) that there isavery clear columnar structure. Furthermore,
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it is Clear that the thicker film consists of two layers. Z. Qiao et a reported the similar results [61].

The good cohesion between the 1n,Os thin film and the glass substrate is obviously observed.
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Energy dispersive analyses of X-rays (EDAX) generated by the incident electron beam were
carried out to investigate the composition of indium oxide films formed (see figure 111.11.). All of
the In,O3 films are composited from O and In atoms in addition to Si whish come from the
substrate.

[11.5. optical properties

The optical transmittance measured as a function of the wavelength is depicted in Figure I11.12.
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Fig. [11.12. Optical transmittance spectra of 1n,Osthin films as a function of
the wavelength

As the deposition time change in the optical transmittance observed (see figure 111.13). A
maximum visible transmittance (VT) of~93% is observed at~ 709 nm for the films prepared at 13
min (thickness of this film = 725 nm), whereas the smallest optical transmittance (VT) of ~79%is
Observed at ~628 nm for the film prepared at 4 min (thickness of this film = 395 nm) despite that
thisfilmis thiner than the other films. Similar observation has been found by other researcher [71].
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Figure. 111.13. Optical transmittance of 1n,Osthin films as a function of
deposition time

The higher transmittance observed in the films is attributed to decline of scattering effects,
structural homogeneity and better crystallinity, whereas low transmittance observed in the layer
might be due to the less crystallinity leading to more light scattering [72]. On the other hand, the
high transmittance of the film deposited at 13 min is due to the less roughness of thisfilm. It iswell
known that rough surface causes the light scattering resulting in transmittance reduction [73]. In
conclusion, the maximum visible transmittance value of films is the result of the combination of
several effects: structura homogeneity, better crystallinity and the smooth surface.

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 @By * as a function of hv as shown in Figure 1V.13. Film
deposited at 4 min has low band gap 3.46 ev, this is due to the presence of an amorphous phase in
this film network as deduced from the XRD. Amorphous phase is generally accompanied by a
disorder in the film network. For film highly disordered, the band tail width (Urbach tail) is large;

consequently the optical band gap is narrowed. This situation is reported in amorphous silicon thin
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Chapter Il
films aSi:H [74] and silicon nitride thin films a-Si:N [75]. They have also found the optical band

gap shift towards the lower energies induced by a disorder in the film network [76, 77]. Moreover,

5,00E+012 ,
3,80 V '
—~ - ,l
> 375 / |
~ 1 |
i |
400E+012-{ 3] . !
53’65' / l'
(- J [ ] | i
Q 3,60- : _,'I
o] | !
N @ 355 i i
S 300012 O P
] | .
D -8350. , i
i g3,45- " i /
= R S S T P
9 2,00E+012 - deposition time (min) i
|
Ng . TR
g — i e
N ) i I
; i/
1,00E+012 - —1omrmn o
/o
id
i
T
0,00E+000 ——— = . : ; ——
2,0 2,5 3,0 3,5 4,0
hneV)

Figure I111.13.0ptical band gap energy for the In,Osthin films deposited at various

deposition times.

The value of the Urbach tail energy for the film deposited at 4 min confirms this hypothesis (see
figure 111.14.).The optical gap of films which deposited at 7, 10, and 13 min is close to its value for
INn,O3 bulk material. This is due to the good crystallinity of these films [73]. Similar values of

optical band gap have been found by other researchers |78, 64].
Figure 111.14. Shows variation of optical band gap energy and urbach energy with deposition

times. It is clear that urbach energy decrease with increasing of deposition times. Thisis due to the

enhancement crystallinity of the films.
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[11.14. Variation of Optical band gap energy and urbach energy for the

In,Osthin films deposited at various deposition time.

[11.1.6. Electrical properties

Figure 111.15. Shows the dependence of electrical resistivity (p) and fegure of merit on

deposition time. Resistivity decreases continuously with increase in the deposition time. They have

also observed decrease in the resistivity of 1n,Osthin films with increasing of deposition time [60].

The high values of the electrical resistivity observed in films deposited at 4, 7 and 10 min are

mainly attributed to the increasing number of scattering centres and trapping centres in these films.

The SEM surface images of these films show distinct grain boundaries and surfaces roughnesses

(see figure 111.9.a, b and c). In contrast, the film deposited at 13 min consists of a dense array of

grains without discernible boundaries (see figure 111.9.c.). The grain boundaries act as scattering

centres and hence reduce the effective electron mobility of the film, while the adsorption of oxygen

in the grain boundaries leads to trapping centres that decrease the free-electron concentration; as the

origin for the formation of potential barriers at the grain boundariesis the existence of defect States
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Figure I11.15. Electrical resistivity and fegure of merit of 1n,O3 thin film deposited at
various deposition times

In the boundary region, it is expected that any increase in the density of these defect states will
cause an increase in the barrier height [79]. The effect of oxygen on the grain boundaries has been
experimentally confirmed for polycrystaline indium-tin oxide (ITO) films by temperature
dependence of Hall mobility measurements carried out by Morris et al. [80]. From this discussion
we can say that the grain boundaries in polycrystalline semiconducting films behave like “sponges”
absorbing oxygen and passing it on the grains and this process is associated with the complex nature
of the conduction mechanism involved in polycrystalline films.

The figure of merit is known to be an index for evaluating the performance of transparent
conducting films, and it is given by the equation F = (-p InT ), where p is the electrical resistivity
and T is the average transmittance in the wavelength range of 400 — 800 nm [81]. The figure of
merit for the In,Os thin film deposited at 4 min was estimated at 33.61 Qcm™. As the deposition

time increases to 13 min, the figure of merit increases to 453 Qcm™ (see figure 1V.13)).
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The increase in the figure of merit results from the decrease in the electrical resistivity with
increasing deposition time. The experimental data suggest that a deposition time of 13 min is the

best condition for depositing high-quality 1n,Os films.

[11.7. Conclusion

The effect of the deposition time on the crystalline state, surface morphology, optical, and
electrical properties of In,O3 films was investigated. X-ray diffraction reveals a polycrystalline
nature for al films with a preferred grain orientation along to (222) plane when the deposition time
changes from 4 to 10 min, but when the deposition time equals 13 min we found that the majority
of grains preferred the plane (400). SEM images show that the films are rough surface and the shape
of grains changes with the change of the preferential growth orientation.

The optical characterization showed that our films are transparent and The transmittance
improvement of In,O3 films was closely related to the good crystalline quality of the films. We have
found also that the optical gap is varied between 3.46 €V and 3.79 eV, and the vaues found of
resistivity are between 13x102 Q cm and 102 Q cm. Findly, we conclude that deposition time is

interesting factor for control the quality of the thin films deposited by ultrasonic spray technique.
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Chapter IV Solution flow rate influence on properties of indium oxide thin films

In this chapter, we have studied the influence of solution flow rate on the crystalline structure,
morphological, optical and electrical properties of sprayed 1n,Os thin films; and we evaluated the

relationship between these properties in general.

IV.1. Growth rate
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Figure.lV.1. Deposition rate dependence on solution flow rate, inset
shows Variation of film thickness as afunction of solution flow rate.

Figure IV. 1. Shows variation in growth rate (nm/s) with solution flow rate. The growth rate

increase with the increase of the solution flow rate due to the increase of film thickness (see figure
IV.1.) asresult of increase in spray volume flux over substrate surface.
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IV.2. Structural properties

046 —— 55 ml/h
164
82 §
0 MW -
= s | 40 ml/h|
S S
N
2150 q g
c a ~
S < o g
= — 3 <
0
44 —
§ | 25 ml/h]
22
11
O 1 1 1 1 1 1 1 1
20 40 60 80
29 (°)

Figure 1V.2. XRD diffraction pattern of 1n,Oz thin films prepared with
different sprav rates.

The XRD patterns for In,Ozthin films grown at different spray rate are shown in figure 1V. 2.
It is obvious that the In,O3 thin films reveal polycrystalline structure with differently orientated
crystaline planes such as (211), (222), (321), (400), (411), (440) and (622). All peaks from XRD
patterns coincide well with those given in the JCPDS card (no 06-0416) (see figure 111.3.).
It isinteresting to note that with the increasing of spray rates from 25 mi/h to 50 mi/h thereis
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preferential growing competition between (222) and (400) planes, this indicates that the spray rate
has significant effect on the crystal grain orientation of In,O3thin films. The intensity ratio of the
(400) to (222) reflection is used to evaluate the spray rate effect on the film texture of the filmsis
shownin V. 3.
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FigureV.3. Flow rate effect on the film

Depending on the results of the current study we found that the ratio 1(400)/1(222) increase with the
increasing of spray rate from 25 ml/h to 55 ml/h. The 1(400)/1(222) ratio suggests that the films
deposited at 25 mi/h possess a preferred growth orientation along the [1 1 1] direction and when the
spray rate increase to 55ml/h, the preferred growth orientation is changed to [100] direction. We
believe that the preferred growth development of crystalline grains mainly depends on the initia
orientations during the nucleation process and the growth process. For the spray rate equals 25ml/h
The (222) nucleation is a primary nucleation due to the surface free energy of formation of the
planes of the In,O3 cubic structure, the (111) texture presents a lower surface free energy plane due
to the high atomic density of this plane [59], However, with increasing of spray rate rates more than
25mi/h, the (400) nucleation is preferred, and a strict improvement in preferred growth is observed.

The presence of the strong crystallographic texture along the [100] is a priori unforeseen according
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To the surface energy of the In,O3 cubic structure. This discrepancy can be explained as follows:
with the increasing of the spray rate the films thickness increases which suppresses the intensity of
the (222) plane and stimulate the (400) orientation of the In,Os films [61]. Moreover, the promotion
of (400) plane texturing has also been associated with improvement in crystallinity in these cases.
Similar effect has been observed by Saxena et al [82]. In their study of thickness dependence on the
structural properties of 1n,03:Sn films prepared by spray pyrolysis. Also, P. Thilakan et a found
that ITO films with (400) crystallographic orientation have larger grain size than the (222) textured
films [83]. On the other hand, it is interesting to note that the number of the diffraction peaks
increase with the increasing of the spray rates due to formation of new nuclel on the growing
surface; with the rise of the solute atoms, formation of new nuclei may occur on areas freshly
exposed as a consequence of coalescence. Furthermore, we found that the preferred growth
orientation connected with the grain shapes as observed by SEM analysis (explained later). This
goes in harmony with the result of the deposition time effect on the structural and morphological

properties (chapter I11).
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Figure. IV .4. the |attice parameters (a = b = ¢) of the In,O5films as a function of
the solution flow rate.
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The lattice parameters (a = b = ¢) of the In,Ozfilms are shown in figure 1V.4. A characteristic
shift towards higher angle compared to reflexes of ideal crystals is always observed for al peaks.
This indicates that the lattice parameters is slightly smaller than the reported value of 10.11 A° for

pure indium oxide which is my be due to strain effect arising from thermal expansion [62].
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Figure IV.5. Average grain size of 1n,Osthin film as afunction the solution
flow rate

Figure IV.5. Presents variation of grain size as a function of solution flow rate. The results
show that average grain size increases from 17 to 67 nm with increasing of the solution flow rate.
This is probably due to the increased nucleation numbers which cluster together to form larger
grains. The raise in the nucleus numbers due to an increase of the solute atoms arriving to substrate.
G. Korotcenkov et a found that the grain size increase with increase of the solution flow rate [57].

The dislocation density () and the strain (€) are shown in figure 1V.6. The crystal defect
shows a decreasing trend with increasing in solution flow rate. This is due to the Improvement of

crystalin quality of the films with the increase of the solution flow rate [66].
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Figure IV.6. The dislocation density (3) of the films as afunction of deposition time

IV.3. Morphological properties

The scanning electron microscope (SEM) pictures in figure.lV.7 show the typical surface
morphology of differently prepared 1n,O3 films as a function of solution flow rate. It is clear that the
solution flow rate has significant impact on the morphological properties of these films. For the film
deposited at 25 mi/h (figure IV.7.a.), alarge number of quasi- pyramidal shaped crystallites have
developed on top of glass substrate. Also, the SEM surface image of this film show distinct grain
boundaries. On the other hand, the samples deposited at 40 ml/h (Fig. IV.7. (b)) and 55 ml/h (Fig.
IV.7. (c)) show that the grains are granular in shape but seen to be densely packed (without
discernible boundaries) and a relatively smooth surface whit a porous. This porous may be due to
the increase of the solution sprayed. Based on the results of the XRD analysis we can say that: there
is arelation chip between the structural and morphologica properties. The chap of the crystallites
changes with the change of the preferred growth orientation. This indicates that the difference in
grain shapes suggests difference in preferred growth orientation. This goes in harmony with the

result of the deposition time effect on the structural and morphological properties of In,O3 (chapter

1.
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€) )

FigureIV.7. SEM surface images of the In,O3thin films deposited at various flow rate of: (a) 25 ml/h,
(b) 40 mi/h and (c) and 55 ml/h.

The Cross-sectional images confirm that microstructure is greatly influenced by the spray rates,
From Fig. IV.7 (a), it is observed that this film contains only one layer. Besides, some grains grew
the direction perpendicular to the substrate, but others did not. However, from Figure. IV.7 (b) it is
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Observed that this film contains two layers. Furthermore, it is clear that the lower layer has a
columnar structure. Y. Shigesato et al found that columnar structure is consistent with the trend

toward increasing (100) texture with increasing thickness of 1n,O3thin films [58].

Fig. 1V.8. Cross-sectional images of the In,O3 thin films deposited at various solution flow rate of: (a)
25 ml/h and (b) 55 ml/h.

Figure. IV.9. Show that al of the In,O3 films are composited from O and In atoms. The presence of
the calcium and silicon peak in the spectrum is due to the glass substrate, but the presence of others

elements such as carbon may be due to the contamination.
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Figure IV.9. EDS analysis of the In,O3 thin films deposited at various solution flow rate of: (@) 25 mi/h, (b)
40 mi/h and (c) 55 mi/h.

IV.4. optical properties

Analysis of optical (transmission/absorption) spectra is one of the most useful techniques for
the understanding of the band structure and energy gap of both crystalline and amorphous materials.
Figure I1V.10. Shows the dependence of the optical transmission and spectra of the investigated thin
films in the wavelength region 290-900 nm as a function of solution flow rate. The films deposited
at solution flow rate 25 and 55 ml/h show almost identical transmittance in 400-900 wavelength,
whereas the films deposited at solution flow rate 40 ml/h show high optical transmittance (91%).
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In general the transmittance of the film decreases due to the following factors: (i) presence of mixed
phases, (ii) increase in thickness, (iii) presence of defects and oxygen vacancies, (iv) large rms
surface roughness, (v) grain boundary scattering, etc. in the present case The low transmittance
observed in the film deposited at 25 ml/h (thiner layer) might be due to the presence of mixed
phases (the browed peak in the XRD spectra), less crystallinity and roughness surface of this film
leading to more light scattering. On the other hand, the high transmittance of the film deposited at
40 ml/h is due to the Improvement of crystalline quality of this film and the less roughness of this
film as shown in SEM images. Furthermore, it is clear that the interference fringes absence in the
spectrum of films deposited at 25 ml/h and 55 ml/h. This can be attributed to the roughness of the
interface air/film; incident light is diffused instead of reflected in one direction. Moreover, the
beginning of its presence in the transmission spectrum of the film deposited at 40 mi/h indicates that
the film surface is less roughness. This is supported by the SEM surface images which indicate that
the film deposited at 40 mi/h is less roughness.
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Fig. IV.10. Optical transmittance spectra of In,Osthin films as afunction
of solution flow rate
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The values of the optical band gap are obtained by extrapolating the tangential line of the data
to the abscissa axisin the plot of a@v # as afunction of hv as shown in Fig IV.11. Film deposited
at 25 mi/h has higher band gap 3.93eV, this due to the quantum confinement effect due to the small
grain size [84]. It is well known that the energy band gap of semiconductor nanoparticles increases
with decreasing the grain size, which leads to a blue shift of the optical absorption edge and have
been observed in many semiconductor nanoparticles system [85]. The optical gap of films which
deposited at 55 mi/h(Eg = 3.79 ev) somehow big which is not due to the quantum size
confinement, but probably due to the reduction of disorder in film network due to the improvement
in crystalline quality of thislayer. The values of optical gap are same with those obtained by

precedent studies[84, 85].
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Fig IV.11. Optica band gap energy for the In,Osthin films deposited at various

solution flow rate.
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Figure 1V.12. Shows variation of urbach energy with solution flow rate. It is clear that urbach
energy decrease with increasing of deposition times. This is due to the enhancement crystalinity of
the films. Melsheimer and Ziegler [86] suggest that the Urbach tail parameter Eo, could be a
function of structural disorder (Eo decreases with the increase of structural order). This hypothesisis

verified in our results.
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Figure. IV.12. Variation of urbach energy for the In,Osthin films deposited
at various solution flow rate.

Figure. 1V.13.Shows Variation of reflectance as function of wavelength for In,Oz films
prepared at 25, 40 and 55 mi/h. it is clear that the film deposited at 25 mi/h show alow reflection by
comparison with other films. This can be attributed to the roughness surface of this film. C.
Eberspacher et a, found that a roughness with 500 nm r.m.s. or less is sufficient to reduce optical
reflection for sprayed ZnO thin film [87]. Also, A. Mosbah et a found that the film with a

roughness surface exhibits alow reflection [70].
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Fig 1V.14.Shows Variation of refractive indices for the In,Os films deposited at different
solution flow rate. Generally refractive indices of the films increase with the increase of the film
thickness. This can be attributed to the rise of average density of the film due to the augment of the
solute atoms arriving at the substrate. M. Kaid et a found that the refractive indices decrease from
3.75 to 1 when the films thicknesses take values from 500 nm to 200 nm [88].however, refractive
indices of the film deposited at 55 ml/h (d= 420 nm) is less than the film deposited at 380 (d =380
nm). This can be account to the increased porosity of the film deposited at 55 mi/h. D. Beena et a
found that the lower values of refractive indices exhibited by the In,O3 films which are more porous
in nature [89].

IV.5. Electrical properties
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Figure 1V.15. Electrical resistivity and figure of merit of 1n,O3 thin film
deposited at various solution flow rate
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Figure 1V.25. Shows the dependence of electrical resistivity (p) and figure of merit on
deposition time. We find that the Resistivity decreases continuously with increase in the flow rate,
which is believed to be due to improvement in the film crystallinity. This is supported by X-ray
diffraction analysis which indicates that the crystallinity increases with increase in solution flow
rate. an increase in grain size leads to reduced grain boundary scattering and thus a decrease in
electrical resistivity [90]. On the other hand, we believe that the surface morphology has significant
impact on the electrical properties. With the increase of the solution flow rate the films show
denced and packed grains which leads to the decreasing of number of scattering centres and
trapping centres. The high dense and packed grains cause an increase of carrier mobility and
electron Concentration [91].

The figure of merit for the In,O thin film deposited at 25 mi/h was estimated at 14.71 Q 'em™.
Asthe flow rate increases to 55 ml/h, the figure of merit increases to 519.35 Q*cm™.

IVV.6. Conclusion

The effect of the flow rate on the crystalline state, surface morphology, optical, and electrical
properties of 1n,O3 films was investigated. X-ray diffraction reveals a polycrystalline nature for all
films with a preferred grain orientation along to (222) plane when the flow rate equals 25 ml/h, but
when the flow rate increases we found that the majority of grains preferred the plane (400).
Depending on the results of the current study we found that the preferential orientation devel opment
of crystalline grains mainly depends on the initial orientations during the nucleation process and the
growth process. SEM images show that the films are rough surface and the shape of grains changes
with the change of the preferential growth orientation.

The optical characterization showed that our films are transparent. And the transmittance
improvement of 1n,O3 films was closely related to the good crystalline quality of the films. We have
found also that the optical gap is varied between 3.65 €V and 3.93 eV, and the vaues found of
resistivity are between 30 102 Q cm and 8.5 10 Q cm. Finally, we conclude that solution flow rate

isinteresting factor for control the quality of the thin films deposited by ultrasonic spray technique.
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Chapter V Influence of the Surface substrate and annealing temperature on indium oxide thin films properties

V.l.1. Introduction

It is well known, that the electrical properties of 1n,O3 films obtained by ultrasonic spray
process are close related by the deposition parameters of this technique. Therefore, deposition
parameters has been widely studied in order to improve the electrical properties of sprayed In,O3
films. The most studied parameters are: substrate—nozzle distance (SND) [11] substrate temperature
[60, 13] deposition time [92] and doping [14]. However, only a few studies have been devoted to

the influence of surface substrate in ultrasonic spray technique.

The éectrical conductivity of In,O3 films is due to a transport of electrons. The high n-type
conductivity observed in In,O3 films results from their anion deficiency, which usually appears in
the Form of oxygen vacancies in the crystal lattice. However, when 1n,O3 film is completely
stoichiometric it can only be an ionic conductor. Such materials are of no interest as transparent
conductors because of the high activation energy required for ionic conductivity. Real 1n O3 films
used for transparent conductors are hardly completely stoichiometric. The above explanation
reveals a way to improve the electrical properties of the In,O3 films, i.e. to prevent more oxygen
incorporating into the films at the beginning of the film growth. However, this way is very
complicated for the films deposited by ultrasonic spray process due to the presence of O, molecular
cannot be avoided.

In order to improve the electrical properties of the In,O3 films deposited by ultrasonic spray
process, we have deposited 1,05 films on KCl single crystal Substrate which is voracious to the O,
molecular. Moreover, 1n,O3 thin films were deposited on glass and single crystaline Si (400) wafer
Substrates. The Surface Substrate effects and annealing temperature on growth mechanism, optical
and electrical properties of 1n,O3 thin films were observed and highlighted.

V.l.2 Surface Substrate affects on indium oxide thin films properties

V.1.2.1. Growth rate

Figure V.1.1. Shows the growth rate (nm/s) for In,Os thin films grown on the glass (glass/ In,03),
single crystalline Si (400) wafer (Si/ In,0O3) and KCI single crystal (KCI/ In,O3) Substrates. It is
clear that the values of the growth rate are very small. Thisis physically reasonable because the rate
of lateral growth at the beginning formation of the thin layers is much higher than the perpendicular
growth [64]. However, it is interesting to note that the growth rate increase dlightly for Si/ 1n,0Os
and KCI/ In,Os. This indicates that the rate of lateral growth in this case is faster than the film
deposited on glass substrate due to the Improve the nucleation process. Surface substrate influence

on the nucleation processis very clear in the XRD analysis (explained later).

74



Chapter V Influence of the Surface substrate and annealing temperature on indium oxide thin films properties

2,5

2,0 -

I
()]
|

Growth rate (nm/s)
L
(e}
|

o
ol
|

0,0 -

Figure.V.l.1. Deposition rate dependence on surface substrate.

V.l1.2.2. Structural properties

The XRD patterns for 1n,0O3 thin films grown on the glass (glass/ 1n,03), single crystalline
Si (4 00) and KClI single crystal (KCl/ In,O3) Substrates are shown in figure V.1.2. For the glass/
In,O3 film the XRD spectrum of this sample exhibits a preferential orientation peak of low intensity
located at 26 = 30.76° representing (222) orientation. However, the Si/ In,O; film exhibits several
peaks at 29.61°, 30.76°, 33.06°, 35.76°, and 51.31°, corresponding to the (211), (222), (321), (400)
and (440) planes respectively, with a specific orientation along the [1 1 1] direction. In addition, we
Observed a Si single crystal peaks at 69.54° corresponding to the (400) plane (JCPDS 27-1402 file).
But in the case of KCI/ In,Osfilm, we notice the presence of two main peaks and weak peaks: the
two main peaks occur at 26= 30,69° and 35, 55°. These peaks correspond to the diffraction from the
(222) and (400) planes of 1n,Os, respectively. The weak peaks centered at 63,74° and 75,11° are
identified as In,O3 (444) and (800) planes, respectively. moreover, we observed a KCl peaks at 26=
28,42° and 26= 58,74° corresponding to the plan (200) and its harmonics (400) respectively (JCPDS
41-1476 file), beside the peaks related to the In,O3; phase and to the substrate KCl single crystal, a
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Figure. V.1.2: XRD diffraction pattern of 1n,O3 thin films deposited on glass, single crystalline Si (40
0) and KCl single crystal Substrates
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KO, peak at 26= 25,65° corresponding to the plan (101) (JCPDS 39-0697 file, see figure V.3) isaso
present; a KO, phase originates from the reaction between the O, molecular and the substrate
because the O, molecular has a high degree of solubility in the KCI single crystal substrate heated at
550 °C [93]. In order to explore the dependence of structural properties on surface substrate, we
investigated changes in intensity of the mean diffraction peak ((222), (400)) by means of XRD (see
figure. V.1.4).
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Figure. V.l. 3. ASTM file of KO,

The increase in intensity of diffraction peak for the Si/ In,Os film and KCI/ In,Os film reveals the
enhancement crystallinity of these films. This is due to the high crystaline quality of these
substrates which is enhanced the nucleation of condensed In,O3; atoms [94]. However, it is
interesting to note that the increase in intensity of diffraction peak for KCI/ In,Oz film is more than
Si/ In,O5 film. This can be attributed to the topography of KCl single crystal Substrate which
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Figure. V.1. 4. Surface substrate effect on the film texture

Supports the nucleation process. It well know that the nucleation density and the average nucleus
size depend on a number of parameters such as the rate of impingement, temperature, topography,
and chemical nature of the substrate [64].

The most importing feature in the XRD analysis is the change in the preferred growth orientation
with the change of the used substrate. For the KCI/ In,Osfilm the texture changes from the [1 1 1]
direction to [100] direction. The presence of the preferred growth of (400) grains is a priori
unforeseen according to the surface energy of the In,O3; cubic structure because the (111) texture
presents a lower surface free energy plane [59] and/or the low thickness of this film (based on the
above explanation; effect of the deposition time and solution flow rate). This can be attributed to the
low oxygen concentration in the film structure; the O, molecular has a high degree of solubility in
the KCl single crystal substrate heated at 550 °C [93] which lead to prevent the incorporation of
oxygen in the structure, and thiswill permit to presence the preferred growth of (400) grains [95].
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In generd, the intensity of the plane changes with the change of oxygen concentrations in the films.
Several studies revealed that decrease of the oxygen concentrations in the 1n,O3 films suppresses
the intensity of the (222) plane and stimulate the (400) orientation of the In,O3 films [96,97]. On the
other hand, the presence of the preferred growth of the (400) grains probably due to other parameter
which is possible epitaxy of the (400) planeon the KCI single crystal [98]. However, we believe

that solubility of O, molecular in KCI single crystal substrate is more important.

Tabl1 Evaluated data of 1n,O3 films deposited on different substrates

Substrates | Preferred | intensity | Crystallite | Resistivity | Eg Film Strain | Dislocation | lattice

orientation | (ud) | size (") | (Qcm) | (ey) | thickness | ()* | density (8) | constant

(nm) | 10° | * 10% (A°)

lines/m”

glass (222) 19.27 18 33 3.72 255 2.85 26 10.087

KCl (400) 426.7 70 0.810° |3.94| ~290 0.42 2.04 10.161
single
Crysta

Si single (222) 119.4 62.5 / / ~280 | 0.64 2.56 10.083
Crystal

The average grains size D of 1n,O3 is estimated using Scherer’s formula are reported in Table
1. We found that the KCI/ In,Osfilm and Si/ In,O3 film showed a higher value of average grain size
than the film grown on the glass substrate. Thisincrease in grain size probably due to an increase of
the nucleus number which cluster together to form larger grains. The raise in the nucleus numbers
Due to the high crystalline quality of KCl single crystal and Si single crystal substrate which
supported the nucleation process. Also, the strain and dislocation density decrease for the KCI/
IN,O3 filmand Si/ In,O3 film This can be attributed to the improve of crystalline quality of these
films. However the caculated value of lattice constant a= 10.161 A° for the KCI/ In,O3 film s
dightly greater than the reported value 10.118 A° for pure indium oxide. This increase in the value
of lattice parameter may be related to oxygen deficiency [62] due to solubility of the O, molecular
in the KCl substrate.

The FT-IR spectral analysis of KCI/ In,Ozfilm and Si/ In,Osfilm is shown in Fig.V.l. 5. the FT-IR
gpectral analysis of KCI/ In,O3 film shows several peaks located, respectively, at 420, 471, 594,
612, 672 and 874 Cm*, these peaks correspond the In-O and In-In vibration modes. Similar results
have been found by other researchers [99.56]. The In-O stretching mode is found at 420, 594, 612
and 672 Cm™. The observed band at 471 Cm™ attributed to the In-In stretching mode. Whereas, the

bands at 874 cm™ are the characteristic absorption of In-O bending vibrations. However, in the case
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Figure. V.1. 5. FT-IR spectra of KCI/ In,Oz film and Si/ 1n,O3 film.
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Of Si/In,Os film we observe peaks located at 558 and 610 Cm™. These peaks correspond, In-O
stretching mode. The presence of the In-In vibration mode in the case of KCI/ In,Osfilm attributed

To the oxygen deficiency in the film structure. This result consistent with the result of the XRD
characterization.

V.l1.2.3. Morphological properties

Figure.V.l.6. SEM surface image of glass/In,Os

. Hpecire |
O G I
In & W

oo epes TIPL

Figure. V.1.7. EDS analysis of glass/In,Os
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Fig.V.l.6 shows SEM micrograph of glass In,O3 nanostructured thin film. The film exhibits a
smooth surface and the quasi-spherical crystalline particle size is approximately 80 nm. The smooth
surface of this film may be due to the preferential growth in the [111] direction over the entire
surface. Figure. V.1.7. Show that the glass/In,O3 is composited from O and In atoms. The presence
of the calcium and silicon peak in the spectrum is due to the glass substrate, but the presence of

others elements such as carbon may be due to the contamination.

V.1.2.4. optical properties
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Figure. V.1. 8. Optica transmittance spectra of 1n,0O5 thin films deposited on
(a) glassand (b) KCI single crystal substrate.

The optical transmittance measured as a function of the wavelength is depicted in Fig.V.1.8. The
films glass/In,0O3 and Kcl/In,Oz show almost identical transmittance in 400-900 nm wavel engths
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Chapter V
regions, athough the KCI/ In,Os film is thicker than the glass/In,O3 film and the transmittance of

the bare glass substrate is higher than the bare KCl substrate [69]. Thisis attributed to the important
crystaline quality of this layer [72]. However, it is interesting to note that, the glass/ In,O3 film
exhibits interference fringe in the transmittance spectrum. This is due to the smooth surface of this

film,
1,00E+014
(b) KCl single crystal| |
—(a) glass
8,00E+013 -
I
S 6,00E+013 -
O
FI| “‘l
- 4,00E+013
c f
C i
<
2,00E+013 - ;'f
0,00E+000 ~—————=== N S
32 34 36 38 40 42 44

24 26 28 3,0
hneV)

Figure. V.1. 9. Optical band gap energy for the 1n,O3 thin films deposited on
(@) glassand (b) KCI single crystal substrate.

The values of optical band gap are obtained by extrapolating the tangentia line of the data to the
abscissaaxisin the plot of @By “ asafunction of hv asshownin V. 9. KCl/ In,Osfilm has higher
band gap 3.93eV, this can be attributed to the reduction of disorder in the film network due to the
improvement in crystalline quality of thislayer [92]. On the other hand, the oxygen concentrations
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in the In,O3 films may play a main role in increasing optical band gap. For KCI/ In,O3 film the
amount of oxygen was Low due to the high degree of solubility of O, molecular in the KCI
Substrate, this means the increase of oxygen vacancies. The latter causes augment in the optical
band gap due to the raise of carrier concentrations in the In,O3 film (Burstein-Moss effect; an
enhancement in the electron concentration leads to arise in the Fermi level within the conduction
band, causing the increase in the value of the band gap for this sample [100]). The glass/ In,03 film
has lower band gap 3.72 ev. Although the low grains size of this film ( D= 18 nm). Therefore, the
theoretical optical gap of a glass/ 1n,O5 film in our case can be estimated by the effective mass
theory [101] using relation:

2 2
.

E, nano = E,; bulk + .—2 —1;+ —1; 1.8

: : gR?> my my  4meEggR

(1)

Where Eg (nano) is the energy band gap of nanoparticles, Eg (bulk) in the energy band gap of bulk
sample. R isthe average radius of particles, mgt and my* are the effective mass of an electron and a
hole respectively and € stand for the relative dielectric constant. For In O3 crystal, me* =0.3 m,,
my* =0.6 My, (M, is the free electron mass) and €=9 [102]. So the theoretical optical gap can be
about 3.95 ev, which is larger than the experimental optical gap 3.72 €V. This deference between
the two values is due to the film disorder due to the low crystalline state of this film (see XRD
analysis). Based on these findings, we infer that optical gap shift towards the higher energies
induced by the quantum confinement effect and the shift towards the lower energies induced by the
large band tail width due to the film disorder.

The glass/ 1,05 film has higher band tail width 0.523 V. Thisis due to the low crystalline state of
this film. Also, KCI/ In,O3 film has a high band tail width 0.497 ev despite the high crystalline
quality of this film. This can be attributed to the non-stoichiometric of this film; increase the

interstitial indium atoms due to the oxygen deficiency.

V.1.2.5Electrical properties

The KCI/ In,O3 film showed lower value of electrical resistivity (p) than the glass/ In,O3 film (see
table 1.). Thisis owing to combination of two factors: (i) the large grain size of KCI/ In,Osfilm and
(if) The formation of oxygen vacanciesin the structure of this film due to solubility of O, molecular

in the KCI substrate. The increase in the grain size leads to reduced grain boundary scattering. Thus
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increasing the mobility [103], while the formation of oxygen vacancies in the structure leads to the

increase of carrier concentration. Both of them reduce the resistivity of the KCI/ In,Oz film.

V.1.2.6. Conclusions

The effect of the substrates surface on the crystalline state, optical, and electrical properties of
In,O3 films were investigated. X-ray diffraction reveals a polycrystalline nature for all films with a
preferred grain orientation along to (222) for the film deposited on glass and Si single crystal
Substrates, but in the case of the KCI single crystal Substrate we found that the majority of grains

preferred the plane (400). Depending on the results of the current study we found that the
preferential orientation development depends on the oxygen concentrations in the films. On the
other hand we found that The KCI/ In,O3film showed a higher value of average grain size than the
film grown on the glass substrate.

The optical characterization showed that our films are transparent. We have found also that the
optical gap is 3.94eV for the KCI/ In,Osfilm and 3.72 for the glass/ In,O3 film. The KCI/ In,Ozfilm
showed lower value of electrical resistivity (p) than the glass/ In,Osfilm. To sum up, the substrates
surface is an interesting factor for control the quality of the thin films deposited by ultrasonic spray

technique.
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V.11. Effects of annealing temperature on indium oxide thin films properties

V.I1.1. Structural properties

The typical XRD patterns for the as-deposited 1n,O3 thin films and for the In,O3 films annedled at
two different temperatures are shown in figure.V.I.1.
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Figure V.I1.1. XRD diffraction pattern for the as-deposited In,O3 thin films and for the In,O3 films annealed
at two different temperatures.
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The XRD pattern of the as-deposited In,O3 thin film does not show any clear diffraction peak
except a broad diffraction pattern for 28 the range of 25-35°. This indicates to the poor crystalline
quality of this film and very small grain sizes in the as-deposited film. However, The XRD pattern
obtained for the film annealed at 300 °c shows reflection peaks at 30.80 and 35.66 corresponding
to the (222) and (400) suggesting that film is polycrystalline in nature. However, as the annealing
temperature increases to 500 °c, intensity of the (222) and (400) diffraction peaks increases. This
reveals the enhancement of crystallinity due to having a sufficient amount of kinetic energy and
mobility of the grains [104]. It was also observed that intensity of the diffraction peaks increased
with increasing annealing temperature [ 104.105]. On the other hand, it is interesting to note that the
number of the diffraction peaks increase in this film which is probably due to the increased
nucleation centers. Also the XRD spectra of the film annealed at 500 °c shows a characteristic shift
towards lower angle for the mean peaks (see figure.V.Il.2). This indicates a systematic lattice

expansion. This phenomenon has aso been reported by many other authors [ 106].
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Figure V.I1.2. Larger image for XRD diffraction pattern for the In,O3
films annealed at two different temperatures.
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Figure 1V.3. Shows the values of FWHM for the films annealed at 350°c and 550°c. it is clear that
the values of the FWHM decrease with the increase of the annealing temperature. The decreasing
trend of FWHM values implied that the grain size increases. It was also observed that average grain
Size increased with increasing annealing temperature [104.107]. This can be attributed to
coalescence of small grains by grain boundary diffusion which caused major grain growth.
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Figure V.I1.3. FWHM for (222) peak.

The other structural parameters like lattice constant, dislocation density (8) and strain (€)
calculated for the (2 2 2) prominent reflection are shown in table V.11.1. The calculated vaue of
lattice constant a= 10.145 A°(cubic phase) for the film annealed at 500°c is slightly greater than the
reported value 10.118 A°® for pure indium oxide (JCPDS Card No. 06-0416). This can be attributed
to the oxygen deficiency [62] because The In,O3thin films tend toward reduction when they were
annealed at high temperature [107.108]. On the other hand, the dislocation density (6) and strain (g)
show a decreasing trend with increasing in annealing temperature. This can be attributed to

recrystallization process in the polycrystalline films at high annealing temperature [ 109].
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TabL.l1. 1 structura parameters of 1n,Osfilms at different annealing temperature

In,O3 thin L attice constant Didlocation strain (€) * 10 | Film thickness
film annealed at (A density () * (nm)
10" linesym?
300°C 10.088 15 1.43 320
500 °C 10.145 3.01 0.6 280

V.11.2. Optical properties

Figure 11.4. Shows the dependence of the optical transmission spectra of the investigated thin films

in the wavelength region 290-900 nm as a function of annealing temperature.
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Figure V.I1.4. Optical transmission spectrafor the as-deposited 1n,Os thin
films and for the In,Os films annealed at two different temperatures.
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The as-deposited 1n,O3 thin film shows low transmittance. This is owing to poor crystalline quality
of this film and/or non-stoichiometric ; excess indium atoms due to the low deposition temperature.
But in the case of the films annealed at 300 °C and 500 °C, we found that the optical transmittance
increased due to enhancement the crystalline quality of the films [92]. However, the film annealed
at 300 °C shows the high optical transmittance despite that the film annealed at 500 °C has a high
crystalline quality than the film annealed at 300 °C. This can be attributed to the oxygen deficiency
in the film structure due to the high annealing temperature [107.108]. It is well know that the
oxygen deficiency in the film contributes to the blackening of the films[110.111].

The values of optical band gap are obtained by extrapolating the tangential line of the data to the

abscissaaxisintheplot of aPv “ asafunction of hv asshown in Figure. V.11.5.
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Figure V.11.5. Optical band gap energy for the as-deposited In,O3 thin films
and for the In,O3 films annealed at two different temperatures.
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It is clear that the value of the optical band gap increases for the 1n,O3; films which annealed at
300°C and 500°C. This is due to the reduction of disorder in the film network due to the
improvement in crystaline quality of this layer [92], and the band tail width values of these films
confirm this hypothesis (The band tail width for the films annealed at 300 and 500 is 0.380 ev and
0.377 ev, respectively). The low value of the optical band gap obtained for the as-deposited film
(Eg = 3.64 ev) may be due to the poor crystalline quality of this film. The band tail width of the as-
deposited films equals 0.480 ev.

V.11.3. Electrical properties

The as-deposited film shows high electrical resistivity 100 Q cm. thisis due to the poor crystalline
quality of this film. Also, the film annealed at 300 °C shows high electrical resistivity 80 Q cm
although the improvement in the crystalline state of this film. This can be attributed to the excess
oxygen in the film; Excess oxidation of this film for this annealing temperature [107]. The film
annealed at 500 °C shows the low electrical resistivity 9.8 10°Q cm. this is owing to the increase of
grain size; an increase in grain size leads to reduced grain boundary scattering and thus a decrease
in electrica resistivity [90]. On the other hand, we believe that the oxygen deficiency in film due to
the high annealing temperature [ 107.108] play a Role in the decrease of the electrical resistivity.

V.11.4. Conclusions

The effect of the annedling temperature on the crystaline state, optical, and electrical
properties of In,O3 films were investigated. X-ray diffraction reveals a polycrystalline nature for all
films with a preferred grain orientation along to (222).the crystalline quality of the film increase
with the increase of the annealing.

The optical characterization showed that our films are transparent. We have found also that the
optical gap is 3.73eV for the film annealed at 300°C and 3.69 for the film annealed at 500°C. The
film annealed at 500°C showed lower value of electrical resitivity (p).
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General conclusionand per spectives

Indium oxide(In,Oz)thin films have been successfully prepared by ultrasonic spray
technique using Indium chloride as precursor solution.The influence of various parameters
onthestructural, morphological, optical and electrical properties has been carried out to give good
quality films. The optimized process parameters for our preparation of device-quality 1n,Os films

are:deposition time, solution flow rate, surface substrate and annealing temperature.

The XRDresults revea a polycrystalline nature for al films except the film deposited at 150
°C. Also, the preferred growth orientation change from the (222) plane to (400) planewith the
increase of the film thickness or decrease of the oxygen concentration in the film.On the other hand,
the change in the strongest orientation of XRD peak is correlated with the change in grain shapes as
observed by SEM analysis. Moreover, the promotion of (400) plane texturing has aso been
associated with improvement in crystallinity of the In,Osthin films. However, for the fourth
parameter; annealing temperature, we found that the (222) plan is the predominant. The grains size
of the In,O3films depend on a number of parameters which are: the amount of the solution sprayed.
Surface substrate and annealing temperature and the higher value of the grains size obtained in this
study was 76 nm. SEM images show that the films are rough surface and the shape of grains
changes with the change of the preferentia growth orientation; in the case of the (111) texture,
grains with pyramidal-shape is formed. While for the(100) texture,the grains are granular in shape.

The optical characterization showed that our films are transparentwith a value between76%
to 93%. Also, the transmittance improvement of In,O3; films was closely related to the good
crystalline quality of the films, the roughness of the surface and the oxygen concentration in the
film. We have found aso that the optical gap is varied between 3.64eV and 3.93eV. The optical gap
shifttowards the higherenergies induced by the quantum confinement effect and the shift towards
the lower energiesinduced by the large band tail width due to the film disorder. The electrical

characterization of our filmsshows alow electrical Resistivityabout 0.8 10 Q cm.

Depending on the results of the current study, we found that the In,O5 thin films deposited at
low deposition time and solution flow rate on glass substrate are more suitable for utilization
astransparent oxide front layer in solar cells application. However, the films deposited at low
deposition time and solution flow rate on KCl substrate are more suitable for utilization as
electrodesin solar cells application.In effect, thedeposition time, solution flow rate, surface substrate
and annealing temperature are interesting factors for control the quality of the thin films deposited

by ultrasonic spray technique.
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According to the above analysis, the poor properties of the In,Osthin films aremainly
resulted from more oxygen incorporation into the crystalline structure.Certain additional oxygen to
the sprayed indium oxide is necessary for a good crystalization of the films for mostdeposition
processes.Our perspective is finding a way to improve the properties of the In,Osthin films, i.e.

toprevent incorporating more oxygen into the films at thebeginning of the film growth.
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Study of Thin Layers of Indium Oxide (In,O;) Elaborated by

Chemical Means

Abstract:

In this work indium oxide (In,O3) thin films have been grown by ultrasonic spray technique using
Indium chloride (InCls)as precursor solution. The effect of the deposition time, solution flow rate,
surface substrate and annealing temperature on the structural, morphological, optical and electrical
properties of these filmshave been studied.

A number of techniques, as well as X-ray diffraction (XRD), SEM, and UV-visible are used to
characterize the physical properties of these films. X-ray diffraction analysis showed that the films
are polycrystalline in nature having cubic crystal structure and symmetry space group la3. On the
other hand, the preferred growth orientation change from the (222) plane to (400) plane with the
increase of the film thickness or decrease of the oxygen concentration in the film.SEM images show
that the films are rough surface and the shape of grains changes with the change of the preferential
growth orientation. The transmittance improvement of In,O3 films was closely related to the good
crystalline quality of the filmsand the optical gap is varied between 3.64eV and 3.93eV.

The electrical characterization of our films by the four-point methodshow that the (400)-plane

textured In,0s/KCL films has the lowestresistivity(0.8 10 Q cm).

Key words: Indium oxide; thin films; Ultrasonic Spray; optical and electrical properties.
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Etude des couches minces d’oxyde d’indium (In,Os) €laborees par

voie chimique

Résumé:

Dans ce travail nous avons élaboré des couches minces d’oxyde d’indium (In,O3) par la technique
spray ultrasonique en utilisant chlorure d’indium comme solution de precurseur. L'effet du temps de
dépbt, débit de la solution, surface de substrat et la température de recuit sur les propriétés
structurales, morphologiques, optiques et électriques de ces films ont été étudiés.

Un certain nombre de techniques, ainsi que la diffraction des rayons X (XRD), SEM, et UV-
visible sont utilisées pour caractériser les propriétés physiques de ces films. L’analyse par diffraction
des rayons X a montré que les films sont de nature polycristalline ayant une structure cristalline
cubique et un groupe d'espace de symétrie la3. D’autre part, I'orientation de croissance préférée est
changée de l'orientation (222) ver la direction (400) avec I'augmentation de I'épaisseur du film ou de
la diminution de la concentration d’oxygene dans le film. Images MEB montrent que les films sont
surface rugueuse et la forme des grains change avec le changement de I'orientation de croissance
préférentielle. L'amélioration de la transmission des films In,O3 a été étroitement liee a la bonne

qualité cristalline des films et I'écart optique varie entre 3,64 eV et 3,93 eV.

La caractérisation électrique de nos films par la méthode a quatre points montrent que les films In,O3
/ KCL a la résistivité la plus faible (0,8 10° Q cm).

Lesmotsclés: Oxyde d’'indium;couche mince; spray ultrasonique; les propriétés optiques et
électriques.



	واجهة الاطروحة عادل (Enregistré automatiquement).pdf (p.1)
	Acknowledgements.pdf (p.2)
	فهرس المذكرة.pdf (p.3-5)
	المقدمة.pdf (p.6-7)
	الجزا الاول.pdf (p.8-25)
	الجزء الثاني.pdf (p.26-43)
	الجزء الثالث.pdf (p.44-61)
	الجزا الرابع.pdf (p.62-77)
	الجزا الخامس.pdf (p.78-96)
	الخاتمة.pdf (p.97-98)
	المراجع.pdf (p.99-105)
	2018.pdf (p.106)
	الملخص.pdf (p.107-109)

