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General introduction

Thin films of transparent conductive oxides (TCOs) have been the focus of several
studies due to their attractive optical and electrical features. The most attractive TCOs are
Zn0O, SnO2, In203, and TiOy, this last has been widely investigated for its promised
characteristics, given that it has versatile qualities including a high refractive index, a wide
band gap (3.2 eV), high physical and chemical stability, and a non-toxic nature. TiO2 thin
films are used in a variety of fields, including photo-detectors, gas sensors, electronics, waste
water treatment, and photocatalysis. [1,2]

The objective of this master dissertation is to elaborate thin films of TiO. using the
ultrasonic spray pyrolysis technique.

In this work, we will study the effect of Potential hydrogen PH precursor on the
properties of titanium dioxide TiO thin films and their photocatalytic application. For this,
we made a serie of samples deposited on the glass substrates, and to improve the crystallinity
of our samples, we will anneal it at 600°C.

This work is divided into four chapters:

+ In the first chapter, we will present a bibliographic study about transparent conductive
oxides. We then give an overview of the general properties of titanium dioxide
(structural, optical, and electrical) and some applications of this oxide, and at the end,
we will discuss an overview of thin films.

+ In the second chapter, we will describe some different deposition processes, that can
be used to obtain thin films, we will also present the methods of structural,

morphological, and optical characterizations in this work.

+ The third chapter is devoted to the discussion and interpretation the results of
structural, and morphological characterizations of the elaborate thin films obtained.

4+ The fourth chapter contains a discussion of the optical characterizations of our thin
films and the results of the photocatalytic application.

At the end of this work, we have a general conclusion and perspectives.



Chapter 1 :
Overview of Titanium
dioxide (TiO2) and thin
films



In this chapter, we present a bibliographic study about transparent conductive oxides
TCOs, followed by an overview of titanium dioxide TiO. and certain properties and
applications of this oxide, and at the end we will discuss an overview of thin films.

I.1. Transparent Conductive Oxides (TCOs)

The term "transparent conductive oxides" (TCOs) refers to a class of materials that
exhibit both transparency and conductivity. The transparent characteristic of TCOs is
attributed to their high optical transmission in the visible spectrum, which necessitates an
energy gap of more than 3.3 eV. According to the conducting characteristics, TCOs exhibit
strong electrical conductivity in the region of 1 to 10* S cm™. [3]

Solar cells, heat mirrors, smart windows, touch screens, and gas sensors are just a few
of the many uses for transparent conductive oxides (TCOs), also known as transparent
electrodes for flat panel displays, liquid crystal displays (LCD), and organic light emitting
displays (OLED). [4]

1.1.1. Criteria of choice

The criteria for choosing a TCO depend on various material-related factors, such as
the toxicity of the material, thermal and chemical stability, and production costs. The most
attractive TCOs are CuO, ZnO, SnOz, In,03 and TiOxz, this last has been widely investigated
for its promised characteristics. [5,6].

In this study, our choice is Titanium dioxide TiO:x.

|.2.Titanium dioxide

Titanium dioxide TiO> is one of the most interested materials, especially in the applied
side by researchers, because of its distinctive properties, its scientific and technological
importance, and its ability to form in many forms under different chemical conditions. [7,8]

1.2.1. Choice of Titanium dioxide

Titanium dioxide is a very important semiconductor, when its composition is
stoichiometric, TiO2 behaves like an insulator, while a few defects are enough to make it an n-
type semiconductor (oxygen vacancy, interstitial titanium atoms), it's a chemically stable,
non-toxic, non-volatile material, non-flammable and biocompatible, It presents for the visible
light spectrum a very high diffusion coefficient without absorption zone due to its particularly
high refractive index and its insensitivity to visible light. The properties of TiO. depend on
several parameters, namely the nature of the phase, crystallinity, and chemical composition.

[9]
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1.2.2. Properties of Titanium dioxide

1.2.2.1. Structural properties

Under different conditions of pressure and temperature, TiO2 has several allotropic
phases, it is known that it has three main polymorph phases: anatase, rutile, and brookite,
which are obtained when samples are prepared at relatively low pressures [7], which is what
interests us in our study.

+ Brookite phase:

The unit cell of brookite has an orthorhombic crystalline structure. The parameters of
the lattices are a = 0.9182 nm, b=0.5456 nm, and ¢ = 0.5143 nm. The space group Pbca
describes the symmetry of the atom distribution in a unit cell. A deformed octahedron with a
titanium atom located close to the center and oxygen atoms in the vertices can be used to
represent the local atom distribution of the structure as depicted in figure 1.1. As a bulk
material the brookite phase is the rarest and hardest to synthesize in a laboratory setting of all
the natural TiO2 polymorphs. [10,11]

The following figure shows the brookite phase structure:

Brookite

Figure 1. 1 Brookite phase structure of TiO; [12]

Rutile phase:

The crystal structure of rutile is characterized by tetragonal symmetry and belongs to
space group P4,=mnm. The lattice constants are a = 0.4594 nm and ¢ = 0.2958 nm. As a bulk
material the preferred growth direction of the crystals is (110) surface. For optical uses rutile
is desirable. [11,13]

14



And figure 1.2 shows the Rutile phase structure:

1945 A
a .
® 0o (b)
O
3
b
d b
.
1979 A b

Figure 1. 2 (a) bonds of rutile structure, (b) rutile phase structure [12]

+ Anatase phase :

Anatase is a form of natural titanium oxide. The unit cell of anatase is also of tetragonal

symmetry with the parameters a=b= 0.37710 nm and ¢=0.9430 nm, it belongs to space group
141/amd.[13]

And figure 1.3 shows the Anatase phase structure:

(a) - Anatase
0o v M 3
@ Ti : .
1.978 A= > .. 3
| 1933 A e 0 :
a e’
] - Fc B
i b :

Figure I. 3 (a) bonds of anatase structure, (b) anatase phase structure [12]
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The corresponding table summarizes the structural properties of the three phases:

Table I. 1 The structural properties of the three phases [14]

Crystalline Orthorhombic Tetragonal Tetragonal
structure
Number of TiO2 8 4 5
molecule per cell
a=9.184 a=b=4.594 e
Cell parameters (A) b = 5.447 c=2.958 a(;_bB%IzS
c=5.145 o
Density (g.cm3) 4.12 4.24 3.89
Space group Pbca P4>/mnm 14:/amd

= Transition from one phase to another:

The transformation temperatures change according to the nature of the titanium oxide.
In the bulk state, anatase irreversibly transforms into rutile at a temperature of about 820°C.
On the other hand, the transformation temperature varies in thin films, because it depends on
the method of composition used and even on the conditions of the experiment and the
products. Can be introduced that, at a temperature above 625 ° C, the anatase and brookite
completely convert to rutile, knowing that brookite converts to rutile faster than anatase, the
transformation temperature can also be adjusted by adding impurities to TiO2. For example,
the anatase phase completely disappears at temperatures around 530 °C, 680 °C, and 830 °C
for powder samples containing vanadium, molybdenum, and tungsten, respectively. [7]




The following figure 1.4 shows the reaction boundaries of phase transitions:

e
6=
=
S e
o TiO,-11
é 4 - (a-PbO; form)
5@ 5 .
i a.k.a. Srilankite

2 ‘\J Rutile

Anatase

1 1 I 1 1 1
—200 0 200 400 600 800 1000 1200
()

Figure I. 4 Reaction boundaries of phase transitions of TiO, [15]
1.2.2.2. Optical properties

TiO2 presents for the UV-Visible spectrum a high transmission coefficient in the
visible range as shown in figure 1.5:

100
90 =
TN,
p—— e " -
80 AN B, T e o
o i ~ —— e, . = T
£y '\ o I o St
Y 60 -
2 i —300°C
£ 50 - ’ ------ 350°C
£ I - -400°C
| A ; — 450°C
m . 0
304 = RORE
i
2041 |
10 - ;
0 , T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure 1. 5 Effect of annealing on transmittance of TiO2 [16]
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And the following table presents a comparison of the optical properties of TiO. phases:

Table 1. 2 Comparison of the optical properties of TiO, powder for each phase [14]

Gap energy

3.14

3.03

3.20

Refractive index

2.55

2.70

2.57

1.2.2.3. Electronic properties

TiO2 is an N-type semiconductor, figure 1.6 shows that the BV (valence band) is
mainly dominated by the 2p orbital of the O atom. The 3d orbital of the titanium atom is at the
bottom of the BC (conduction band). This presence of oxygen in the BV justifies the fact that
TiOz is an N-type semiconductor because for each oxygen missing in the structure, there are 2
free electrons compensated by the Ti%* centers.

For the anatase phase, the forbidden band is 3.2 eV, which means that the TiO; anatase
absorbs photons with a wavelength less than or equal to 380 nm. TiO, anatase, therefore,

absorbs in the UV range of the solar spectrum, which corresponds to less than 6% of solar
energy. [17]

8 S~~~ <

1 —total
— |

;! P (5 12
- ) - 2
2 %
£ 0 g 0
o c
o 2

4 g -4

$ A &

I AMT ZR XT  posev) LT XP N T posev)
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Figure 1. 6 Band structure and the corresponding DOS of (a) rutile, (b) anatase [18]




1.2.2.4. Photocatalytic properties

The photocatalytic properties of TiO. result from the creation of photogenerated
charge carriers (hole and electrons), which happens when ultraviolet (UV) light corresponding
to the band gap (hv> 3.20 eV at A < 380 nm) is absorbed, which excites an electron from the
ground state of the valence band to the conduction band (e'cg), and creating a hole (h*vs) in
the valence band, figure 1.7 is a schematic representation of this process. The electron and the
hole participate in redox reactions with substances that are adsorbed on the TiO2 surface,
including water, or oxygen. resulting in the creation of the superoxide radical anion (O2) and
the hydroxyl radical (OH+) (Equation (2) and Equation (4), respectively). The valence band
hole (h*) is highly oxidizing while the conduction band electron (¢) is highly reducing.
Equation (6) explains how Oz« combines with H* to create the hydroperoxyl radical (OOHs),
and equation (8) explains how it may also react with itself to create H>O». Equations (3), (5),
and (7) show that the radicals generated by photocatalysis are strong oxidants that may
effectively oxidize organic molecules, resulting in the mineralization of mineral salts, COo,
and H20. [19-21]

Below is a list of the photocatalysis reactions for TiO2 from (1) to (8) [20]:

TiO, + hv — ez + hip (1.1)
HO™ + hi{z — HO® (1.2)
H,0 + hjjz — HO* + H™ (1.3)
0, +ecg — 05 (1.4)
05~ + pollutant — H,0 + CO, (1.5)
0,"+H* — O0OH* (1.6)
O0OH* + pollutant — H,0 + CO, (1.7)
OOH* 4+ O0H® — H,0, + 0, (1.8)
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The following figure explain the principal of photocatalytic process in a TiO thin films:
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Figure I. 7 Diagram of the photocatalytic process in a anatase TiO> thin films [22]

# Phenomenon of super-hydrophilicity:

There is a phenomenon called "super-hydrophilicity” which has been demonstrated on
TiO2. When the contact angle of TiO2 with water becomes close to zero, the surface of the
material no longer retains water and we speak of "super-hydrophilicity”. When the TiO>
surface is exposed to UV radiation, the contact angle with water gradually decreases. After a
sufficiently long exposure to light, the surface becomes "super-hydrophilic”. This particular
character can be obtained for one or two days. This type of photocatalyst is the only one
known with a semi-permanent super hydrophilic property. This property led to the
development of technologies for self-cleaning and anti-fog materials. [23,24]

Titanium dioxide TiO> is elaborated in several forms among them: powders [25,26],
nanotubes [27,28], nanoparticules [29], and thin films [10,30,31] which is the type chosen for
TiO> formation in this study.

1.3. Thin films

1.3.1. Definition of thin film

A thin film is a thin layer of a substance deposited on a "substrate,” a substance whose
thickness has been significantly reduced and can vary between a few "nm" to a few "um", the
majority of the physical properties are disturbed as a result of the limited distance between the
two boundary surfaces.
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The fundamental difference between a material in its bulk state and one in thin films is
related to the fact that in the massive state, limits are typically ignored for good reasons,
whereas in a thin film, effects related to limiting surfaces which are dominating. [32,33]

1.3.2. Thin films growth mechanisms and modes
1.3.2.1. Thin films growth mechanisms

The following are the essential steps in every thin film deposition procedure: [34]

4+ The arrival or adsorption of atoms (or molecules) on the surface of the substrate.

4+ Surface diffusion of atoms.

4 The interaction between the deposited atoms and/or those of the substrate for the
formation of stable bonds.

4+ Nucleation.

# coalescence.
4+ \olume growth.

The process of thin films formation can be described as a statistical progression of
nucleation, followed by growth through surface diffusion and the creation of small islands.
These islands then grow in size until they form larger islands, which ultimately fuse together
to form a continuous layer by filling the gaps between them.

1.3.2.2. Growth modes

Depending on the thermodynamic parameters of the deposition and the substrate
surface, the steps of nucleation and islands growth can be described as three modes: [19]

% Islands mode (3D or multi-layered) called VVolmer-Weber (VW).
#+ Layer-by-layer (2D) mode called Frank-van der Merwe (FvdM).
4+ Mixed mode called Stranski-Krastanov (SK).

Three modes of growth are schematically illustrated in the figure:

adsorption
EvdM l desorption

diffusion

Figure 1. 8 Different thin films growth mechanisms [35]
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The scientific, industrial and high-tech applications of titanium dioxide are numerous,
thus TiOz thin films are widely used in various applications.

1.3.3. Applications of TiO,
1.3.3.1. Application in optics

Titanium dioxide coatings are ideal for optical guidance because they can for example,
increase signals in films doped with rare earth ions or change the surface refractive index of
glasses. [17]

1.3.3.2. Application in solar cells (Dye Sensitized Solar Cell)

Michael Gratzel made a significant discovery relating to the usage of TiO: in
photovoltaics. Only the monolayer of dye molecules in contact with TiO. is capable of
absorbing light. Barely 1% of the incident light is absorbed on a flat surface. Use a TiO>
coating comprised of TiO2 nanoparticles to improve absorption. The roughness of the surface
Is substantially higher. Thus, when in contact with the electrolyte, more molecules can be
adsorbed on the TiO> surface. [18]

1.3.3.4. Photocatalytic application

Using photocatalysis to degrade or decompose pollutants in the air and on water is a
novel method. Highly active photocatalytic TiO2 thin films are desired in a variety of
applications, particularly in pollution reduction and self-cleaning technologies because of
their capacity to break down organic molecules, which makes them useful for water, air, and
surface cleaning as well as the purification of pollutants. The photocatalytic inactivation of
bacteria has also been investigated, because it can eliminate a variety of microorganisms,
including bacteria and viruses, or for the conversion of CO. [17,18,36]

In order to reduce the spread of airborne toxins and allergens, such as COVID-19
viruses [37], photocatalytic coatings on high-touch surfaces will be applied in public places,
including hospitals, public transportations, athletic centers, schools, acute care facilities,
airports, arenas, and other locations. [38]

1.3.3.5. Photocatalytic hydrogen production

The photocatalytic production of hydrogen presents certain difficulties related to the
use of visible light, the limited quantum efficiency, and the photodegradation problems of the
catalyst. Although TiO> is one of the most used for this application due to its appropriate
conduction band value, much remains to be done to develop new photocatalytic nanomaterials
that are truly effective for the production of hydrogen. Various photocatalysts have been
considered to perform the decomposition of water to produce hydrogen. However, their
efficiency is still too low. The combination of TiO, and carbon nanomaterials could help
improve this efficiency. [18]
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We can produce TiO> thin films with a variety of deposition methods, due to its wide
and different applications, which we will see it in chapter 2.
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Chapter 2 :

Deposition techniques and
characterization methods
for thin films



This chapter contains the deposition techniques of thin films, whether physical or
chemical types, followed by the characterization methods.

11.1. Deposition techniques of thin films

Deposition techniques are generally classified into two main families: chemical and physical
techniques as shown in figure 11.1:

,

Triode Resistive he:
sputte Eva
\ \]
e

s

Magnetron & lon Beam Metal-Organo Chemical Sol- gel / Spin Coating

Vapour l‘chwi!inn (MOCVD) Spray-pyrolysis technique (SPT)

sputtering

Ultrasonic (SPT) / Polymer

assisted deposition (PAD)

Figure I1. 1 Flowchart of the Thin Films Deposition Techniques [39]

TiO, thin films have been deposited using a variety of techniques, Among the
chemical techniques: the sol-gel process [10], and the atomization technique known as spray
pyrolysis technique [40,41]. Pulsed laser ablation (PLD) [42] and sputtering [43] are the two
most used physical techniques for the deposition of TiO> thin films. [13]
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I1.1.1. Choice of a deposition technique

The choice of the deposition technique is predominantly determined by the intended
quality and the application of the produced thin films. Initially it is first important to
determine the technique that will be used to produce the substance that will be deposited. The
factors that condition the choice of technique are [44]:

= The nature of the material to be deposited.
The desired deposition rate and layer thickness.
Constraints imposed by the substrate.
The desired stoichiometry.

The adhesion of the deposit to the substrate.

- & & & #

The reproducibility and the cost of realization.

The ultrasonic spray pyrolysis technique which was used in this dissertation will
present in some detail.

11.1.2. Physical deposition techniques

11.1.2.1. Pulsed laser ablation technique

As shown in the figure below, a lens outside the vacuum chamber focuses the pulsed
laser beam onto the target. When the laser fluence rises beyond a threshold value (the Buence
is the laser pulse energy per unit area at the target), a bright plume of material is generally
discharged to the target surface and collected on an appropriately placed and heated substrate.
Provision is made to rotate the target, change the distance between the target and its substrate,
and change the distance between the target and its lens. [45]

Rotatable
substrate holder _

Focusing Lens

Pulsed Laser Beam

lTo Vacuum Pumps

Figure 11. 2 Schematic diagram of an apparatus for PLA of a solid target with deposition on
an on-axis mounted substrate [46]
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11.1.2.2. Sputtering technique

The working principle of the PVD-sputtering process is that a substrate is made as
anode and the deposition or target material is made as cathodes, which are separated by a
distance in the range of 5-10 cm in a chamber having a vacuum in the range of 107° to 10 1°
torr. The flow of an inert gas such as argon (Ar) is continuously provided to the vacuum
chamber in which its molecules become positively charged ions ejecting electrons under
applied high pressure and voltage. The ejected electrons may further ionize other gas atoms to
sustain the glow discharge and create a cascading process until all the gas molecules ionize.
These ions strike the cathodic deposition material-ejecting molecules from its surface by
transfer of their momentum. This phenomenon is known as sputtering. [47]

Following figure shows working principle of PVD sputtering process:

_E | Substrate | U,
Sputtering Gas b

L T A Power

@—Target Atom .

Line of Force of Supply

Magnetic Field
\ ol

— ] Mgt
Vacuum pump |

Figure 11. 3 Workina principle of PVD sputtering process

11.1.3. Chemical techniques

11.1.3.1. Sol-gel technique

The sol-gel process is a chemical synthesis technique based on the conversion of a
liquid into a solid phase by a series of chemical reactions of the hydrolysis and condensation
type of the molecular solution of extreme purity at much lower temperatures than is possible
by traditional methods of preparation. In this method, the molecular precursor (usually metal
alkoxide) is dissolved in water or alcohol and converted to gel by heating and stirring by
hydrolysis/alcoholysis. Since the gel obtained from the hydrolysis/alcoholysis process is wet
or damp, it should be dried using appropriate methods depending on the desired properties
and applications of the gel. [30,48,49]
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Figure 11.4 shows sol-gel process:
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Figure I1. 4 Schematic of sol-gel process [49]

11.1.3.2. Spray pyrolysis technique
11.1.3.2.1. Definition

Spray pyrolysis is a word consists of: spray and pyrolysis.
= Spray: is an English word that indicates jet of a liquid in fine droplets, launched by a
sprayer.

+ Pyrolysis: is a process by which a solid (or a liquid) undergoes, under the effect of
heat and without interaction with oxygen or any other oxidants, a degradation of
chemical products to smaller volatile molecules. [19]

The technique of spray pyrolysis is an adaptable processing method for the preparation of
single layer and multi-layer films in the form of dense or porous layers, ceramic coatings
and powders of various materials. [34]

It has many advantages among them [50,51]:

= Possibility of depositing a wide choice of materials.

+ A wide choice of precursors is possible, the compound must be soluble in a solvent,
so the solution can be atomized.
= Simple method of adding the precursor by means of a spray.
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High growth rate because the mass transport of the precursor can be very high.
Simply controllable reaction environment, under neutral gas or under air at
atmospheric pressure.

Ease of construction of reactors of this type.

= F

Open-atmosphere process.

Open-reaction chamber.

Adjustability during the deposition.

Accessibility for observing the deposition procedure.

- & & = & ¥

The capability of the multi-layer preparation that is very appealing for fabricating
functionally graded layers.

Typical spray pyrolysis equipment consists of [34]:

4+ An atomizer.
# Precursor solution.
+ Substrate heater.

4+ Temperature controller.

11.1.3.2.2. Principle of the Pyrolysis spray process

Its general principle is based on the spraying of a mist of a solution containing all the
reagents capable of combining to give the desired compound, using an atomizer, on a heated
substrate. The small droplets of the sprayed solution are generated by an aerosol generator
(atomizer) under the pressure of a gas. The temperature of the substrate allows the activation
of the chemical reaction between the compounds and thus ensures complete evaporation
solvents at the substrate level during the formation of the layer of the desired compound. [4]

11.1.3.2.3. Deposition process

These processes are based on the spraying of the starting solution, the transport and
the evaporation of the solvents, the diffusion and the decomposition of the precursors on the
substrate. Then thin films deposition can be summarized as follows: aerosol generation,
aerosol transport and precursor decomposition.

1. Generation of the aerosol:
Two methods are generally used to spray the solution containing the source material [44]:

4+ Pneumatic spray: the production of the mist is carried out by a compressed gas which

causes the liquid to burst.

4+ Ultrasonic spray: the aerosol is generated from the high frequency vibrations
produced within the solution, and localized towards the free surface of the liquid.
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When an ultrasound beam is directed towards a gas-liquid interface, a geyser is formed
whose height is a function of sound intensity. This geyser is accompanied by the
production of an aerosol, resulting from the vibrations generated at the surface of the
liquid and from the cavitation at the gas-liquid interface. This is the pyrosol process.

Figure 11.5 shows the schematic of ultrasonic spray procedure:

Digital controlled
infusion syringe pump

The atomizer

/

Droplets stream

The substrates

Figure I1. 5 Schematic of ultrasonic spray procedure [52]

2. Transport of the aerosol:

After the droplet leaves the atomizer, it travels through room temperature with an
initial velocity determined by the atomizing nozzle. In the form of an aerosol, the droplets are
transported with the aim of allowing as many droplets to reach the surface. When the droplet
passes through the surrounding air, four forces acting simultaneously on it describe its path.
These forces are gravitational, electric, thermophoretic and the Stokes force. [19]

3. Decomposition of the precursor:

Several processes occur when a droplet hits the surface of the substrate. the following
processes that occur with increasing substrate temperature. When the substrate temperature is
low (process A), the droplets splash against the surface and decomposes (figure 11.6). Higher
temperatures (process B) cause the solvent to entirely evaporate during the droplet's flight
before the dry precipitate contacts the substrate and begins to decompose. At even greater
temperatures (higher than in the later situation) the solvent also evaporates before the droplet
touches the substrate, the solid precipitate then melts and vaporizes without breaking down,
and the vapor diffuses to the substrate to go through a CVD process (process C). The
precursor vaporizes at the highest temperatures (process D) before it reaches the substrate,
and as a result, the solid particles are created after the chemical reaction in the vapor phase.
[34]

Figure below shows the decomposition processes of spray pyrolysis:
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Figure I11. 6 Different decomposition processes of spray pyrolysis [53]
[1.2. Thin films characterization methods

The analysis methods used in the study, which we will discuss bellow, are: X-ray
diffractometer (XRD), UV-visible spectrophotometer, Scanning Electron Microscopy (SEM),
Raman, Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR),
Photoluminescence (PL). All the characterization equipment used in this study was in China.

11.2.1. structural properties
11.2.1.1.X-ray diffractometer (XRD) method

X-ray diffraction (XRD) is A potent nondestructive method for characterizing
crystalline materials. It offers details on crystal textures, optimum orientations for crystals,
and other structural factors like average grain size, crystallinity, strain, and crystal defects. It
also offers details on structures and phases. X-ray diffraction peaks are produced by
constructive interference of a monochromatic beam of X-rays scattered at specific angles
from each set of lattice planes in a sample (Figure 11.7). The distribution of atoms within the
lattice controls the peak intensities. As a result, the X-ray diffraction pattern represents a
signature of periodic atomic arrangements in a given material. [54]

The interaction of the incident rays with the sample results in constructive interference
when the conditions comply with Bragg's law [32]:

niA = ZdhleinB (”1)
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Where: n is the order of diffraction.
A is the wavelength of the X-rays.
dnii is the interplanar spacing generating the diffraction.
0 is the diffraction angle (Bragg angle).

This law relates the lattice spacing and diffraction angle of a crystalline sample to the
wavelength of electromagnetic radiation, and this is what the following picture shows:

Figure I1. 7 Reflection of X-rays from two planes of atoms in a solid [55]

11.2.1.1.1. Crystallite size and dislocation density

Using the XRD spectra, we can use the Debye-Scherrer formula to determine the
crystallite size [52]:

0942
- LcosO

(11.2)

Where: M\ is the x-ray wavelength (Cu Ka, A = 1.540593 A).
B is the full width at half-maximum intensity (FWHM) of the peak.

0 is the Bragg angle.
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The FWHM shown in figure bellow:
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Figure I11. 8 The width at half height of the peak (FWHM) [55]

The dislocation density (8) given in equation II.3 is defined as the length of dislocation
lines per unit area in the film, and can be calculated using the crystallite size (D): [56]

= (11.3)

11.2.1.1.2 Micro-Strain

We calculate strain from the following equation [57]:

€= 4tan(6) (11.4)
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structural characterization of the samples was determined by Rigaku SmartLab
Diffractometer {China}:

Figure 1. 9 Rigaku SmartLab Diffractometer

11.2.1.2. Raman spectroscopy method

The spectroscopic technique known as Raman spectroscopy based on the inelastic
scattering of monochromatic light, typically from a laser source. When monochromatic light
interacts with a sample, inelastic scattering occurs, changing the frequency of the photons.
The sample absorbs laser photons, which are then reemitted. The Raman Effect refers to the
alteration in the frequency of emitted photons, either upwards or downwards, from the
original monochromatic frequency. A laser beam in the ultraviolet (UV), visible (Vis), or near
infrared (NIR) range is typically used to illuminate a sample. The Raman spectrum of a
material is obtained by collecting scattered light using a lens and sending it through an
interference filter or spectrophotometer. [21]
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Raman spectroscopy used in the characterization is: Rapid Microcoagulation Raman Imaging
System Model: Horiba LabRam HR Evolution {China}

Figure 1. 10 Rapid Microcoagulation Raman Imaging System

[1.2.2. Optical properties
11.2.2.1. UV-Vis-NIR method

The UV-visible-NIR spectrophotometer employs photon spectroscopy within the
range of 300 to 1500 nm. This method pertains to absorption spectroscopy, wherein electrons
are excited from the ground state to an excited state. Conversely, fluorescence gauges
transitions from the excited state to the ground state. The reflectance of thin films as well as a
combination of the absorption coefficient and film thickness have an impact on their

transparency. [58,59]

The transmittance (T) is typically related to the absorption coefficient (a) by the
equation to remove the interference fringes impact: [58]

T = (1—R)e % (11.5)

where: a is the absorption coefficient.
d is the thickness of the film.
T is the transmittance
R is the reflectance
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The absorption coefficient (o) can be calculated using the following expression: [52]

100—R%)
T%

(I1.6)

a =§ln(

Figure below shows the principle of UV-visible-NIR spectrophotometer:
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Figure 11. 11 Principle of UV-visible-NIR spectrophotometer

11.2.2.1.1. Film thickness measurement by Swanepoel method

We calculate film thickness from the following equation [21,60]:

d — /11/12
2(A4qny—A2n4)

(I1.7)

Where: n1 and n» are the refraction index of the film for the wavelength A1 and 1>
respectively.

we can calculate n1 and n2 from the following relation:

14
Ny = Ny + (N1,2 + 52)2)5 (11.8)
Where: S is the refraction indexes of the substrate

And N1 can be obtained using this relation:

Ty—Tm1z2) , S2+1
Ty Tm 2

(11.9)

25(
N1,2 =
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Where: Tm12 is the minimum transmittance corresponds with A1, A2 and T is the maximum
transmittance confined between Tm1 and Tm2 as shown in the following figure:
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Figure 11. 12 : Transmittance spectra of TiO2 thin films obtained before and after annealing
[19]

11.2.2.1.2. Optical band gap Egq

In high energy, absorption results from electronic transitions between wide states of
band to band. It is usually described by Tauc law [32]:

(ahv)" = A(hv — E,) (11.10)

Where: Av is the photon energy.
Eg4 is optical band gap.
nand A are constants.
a is the absorption coefficient.

n characterizes the optical type of transition and takes the values 2, 1/2 (2 for allowed
direct transitions or 1/2 for allowed indirect transitions).

From the curve of (ahv)" as function (hv) optical band gap was estimated by
extrapolating the linear part of the plot of (ahv)*? as a function of hv to intercept the energy
axis (at ahv = 0) as shown in figure below:
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Figure 11. 13 The plot of (ahv)? versus hv of anatase TiO thin films deposited on glass
substrate using different precursor concentration [52]

11.2.2.1.3. Urbach energy (Ex)

When in a material there are variations in interatomic distances, bond lengths or
angles, what is called a "disorder (Urbach region)" appears, thus, the Urbach energy can be
considered a parameter that includes all possible defects. The relation between the Urbach
energy and absorption coefficient is described by [21,59]:

a= aoexp(’;—Z) (11.12)

Where: ao is a constant and Ev is Urbach energy.

By drawing In(a) versus #v we can determine Eu value as the reciprocal of the linear
part slope (Figure 11.14):

In(a) = In(ao) + 7 (11.12)
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Figure I1. 14 Determination of Urbach energy Ey

Optical characterization was determined by: UV-Vis-NIR Absorption Spectrometer Model:
HITACHI UH4150 {China}

Figure 11. 15 UV-Vis-NIR Spectrophotometer
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[1.2.3. Morphological properties
11.2.3.1. Field Emission Scanning electron microscope method

The Field Emission Scanning Electron Microscope (FESEM) is a type of electron
microscope that images the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with the atoms to make the sample
producing signals that contain information about the surface of the sample, composition and
other properties of thin films.

As shown in figure 11.16, the FESEM uses electrons instead of light to form an image.
A beam of electrons is produced at the top of the microscope by heating of a metallic
filament. The electron beam follows a vertical path through the column of the microscope. It
makes its way through electromagnetic lenses which focus and direct the beam down towards
the sample. Once it hits the sample, other electrons such as backscattered or secondary are
ejected from the sample. [34]

Filament /'L
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—
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Secondary electrons

Secondary electron detector

Backscattered electrons e———

Figure I11. 16 Field Emission Schematic of Scanning electron microscope (FESEM)
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Results of FESEM was obtained by Field Emission Scanning Electron Microscopy
Model: Gemini 300 {China}

Figure I1. 17 Field Emission Scanning electron microscope (FESEM)

11.2.4. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopic method

One of the main sampling methods used in Fourier transform infrared spectroscopy
(FTIR) to study the surface of materials properties is attenuated total reflectance-FTIR (ATR-
FTIR). An ATR crystal having a high refractive index, such as germanium, is positioned
beneath the sample in ATR-FTIR, as depicted in Figure 11.18. Total internal reflection occurs
when IR radiation strikes the crystal, and the resulting evanescent waves are absorbed by the
sample. For a reliable ATR-FTIR spectrum, good contact between ATR crystal and test
sample is required due to typically low penetration depth of the evanescent waves. [61]

Sample in contact

‘/rvith evanescent wave

To detector

AN N —

Infrared beam ATR crystal

Figure I1. 18 Schematic of ATR-FTIR measurement principle
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ATR-FTIR device used in the measurements is: Attenuated Total Reflectance Fourier
transform infrared spectrometer Model: INVENIO-R {China}

Figure 11. 19 Fourier transform infrared spectrometer

11.2.5. Photoluminescence PL method

photoluminescence (PL) spectroscopy technique uses to investigate the structure,
defects, impurity levels and quality of thin films. Through PL measurement, we can obtain a
variety of material parameters, which will be introduced respectively as follows [34,56]:

< Band gap energy.

= Impurity levels and defects detection.
+ Recombination mechanisms.

< Material quality.

PL device used in this study is: Fluorescence Spectrometer Model: HITACHI F-7100

{China}
= |

Figure 1. 20 Fluorescence Spectrometer

42



Chapter 3 :
Preparation, structural, and
morphological
characterizations of TiO>
thin films



In this chapter, we will discuss the steps of preparing our thin films of titanium dioxide
(TiO2) using the ultrasonic spray deposition technique. The structural, and morphological
characterizations of the samples prepared by several ways, namely: X-Rays diffraction,
Raman spectroscopy, Field Emission Scanning Electron Microscopy FESEM, ATR-FTIR.
This study allows us to know the general properties of titanium dioxide: the structural and
morphological properties.

[11.1. Experimental procedures
I11.1.1. Choice of deposition substrate

The TiOz thin films studied are deposited on glass slides because of: [19,62]

# its good thermal expansion agreement with TiO. to reduce the impacts of
substrate/material tensions during deposition.

= its transparency, which is ideally suited for the optical characterizations of the films in
the visible spectrum.

+ available and less expensive.

[11.1.2. Cleaning of the substrates

The process for cleaning the substrates is as follows:

Rinse with distilled water.

Cleaning with acetone for 5 min to remove grease.
Rinse with distilled water for 5 min.

Cleaning with alcohol for 5 min.

Rinse with distilled water for 5 min.

Drying.

~FFEEEEF

Cleaning the substrates is an essential step that must be completed in a clean environment
since it determines the adherence and homogeneity of the thin films that is being deposited.

[11.1.3. Preparation of the solutions

In all the samples, the main spray solution which contains the titanium tetra-
isopropoxide solution (Ti[OCH(CHz)2]4) was utilized as a precursor, ethanol [C2HsOH] as a
solvent, and acetylacetone [CH3COCH] as a catalyst. TTIP and acetylacetone have a molar
ratio of 1:2.
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The properties of elements used in solution are mentioned in tables below:

Table 111. 1 Element properties of solution

physical state Liquide Liquide Liquide
Color Transparent Transparent Transparent
The purity 95 absolute 99.5
Density g/cm? 0.955 0.789 0.97
molar mass g/mol 284.25 46.07 100.12

[11.1.4. Experimental conditions

The PH of the solution is the variable parameter in our work on the thin films
deposition of titanium dioxide (PH=2.5 ; PH=6.5 ; PH=10.5) , and the experimental
conditions of the elaborations of our TiO> thin films represented in the following table :

Table I11. 2 Experimental conditions of the deposition serie

Nozzle-substrate distance 5Cm [40,52]
The substrate temperature 450 °C [62,63]
The deposition time 2 min [52]
Solution flow rate 50 ml/h [34,40,41]

[11.2. Thin films deposition procedure

When the substrates and the solutions are ready, we begin to deposit our samples.
First, we put the solution in the syringe and attach it to the syringe pump. Next, we place the
substrate on top of the heating plate of the ultrasonic spray device, which is attached to a
temperature controller set to 450° C. The flow rate of the solution is at 50 ml/h. Very fine
droplets about 40 um of size are sprayed onto the heated substrate. This allows the activation
of the chemical reactions between the compounds and the formation of our thin films start.

e
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I11.3. The effect of PH

[11.3.1. Preparation of solutions

Among the parameters used to change the properties of thin films of titanium dioxide
using an ultrasonic spray pyrolysis is the PH. We prepared three solutions from the chemical
elements (table 111.1), the main simple solution (without additions, PH=6.5), and we prepared
two additional solutions, so that HCI was added to the one of the solution (PH=2.5) and the
NH3 to the second solution (PH=10.5), so that we had 3 solutions with three different PH
measured by PH-meter (PH=2.5 , PH=6.5, PH=10.5).

Following figure describe the experimental procedure for the different PH solution:

»
-

Magnetic stirring bar

Figure 111. 1 Experimental procedure for the preparation of different PH solution
I11.4. The effect of annealing

According to technological requirements, annealing is employed to enhance the
physico-chemical properties of thin films. Annealing can be done for a period of time at a
specific temperature in air, a vacuum, or a gas environment, followed by typically slow
cooling. This process enhances the crystallization of films and some of its physical properties.
[19]

For our samples, we did a heating process at 600°C for 2 hours to improve the
crystallization of the TiO> films and some its physical properties.
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The steps of practical work are brief and shown in figure below:
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| Characterization | Without annealing J | TiO; film on Glass J

Figure I11. 2 Schematic of practical work

111.5. Adhesion test

The adhesion strength between deposited thin films and their substrates can be
evaluated in a variety of ways. This test frequently happens before applying any
characterization, and in this study, it was specifically evaluated on the thin films applied with
Scotch adhesive tape. The degree of adherence is considered "good" if the thin film adheres to
the substrate (figure 111.3)

47



Figure 111. 3 Simple adhesive tape test for our TiO thin films

I11.6. Characterizations of TiO; thin films
[11.6.1. Thickness of thin films
We can obtain thickness of our elaborated TiO> thin films using the Field Emission

Scanning Electron Microscopy FESEM Gemini 300, we obtain the cross sectional of thin
films which are elaborated at PH=10.5 before and after the annealing at 600°C (figure 111.4).

Figure I11. 4 Cross sectional by FESEM
(a) cross sectional before annealing , (b) cross sectional after annealing
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The results of the thickness measurements by the cross-sectional method were close to
the results of Swanepoel method shown in the table 111.4, and therefore we choose to work
with the results of Swanepoel method.

We can determine thickness also from Swanepoel method (equation 11.7 mentioned in
chapter I1). The variation in thickness is summarized according to PH precursor values of
solution used before and after the annealing in the following table:

Table I11. 3 The variation of thickness with different values of PH precursor solution with and
without annealing

Before annealing After annealing

PH=2.5 472 431
PH=6.5 749 653
PH=10.5 308 243

111.6.2. Growth rate of thin films

The growth rate of our thin films was calculated from the thickness (obtained from
Swanepoel method) division over the deposition time. The growth rate values of our TiO> thin
films are presented in the following table:

Table I11. 4 Growth rate of TiO, thin film in different PH precursor solution values

Before annealing

After annealing

PH=2.5 236 2155
PH=6.5 374.5 326.5
PH=10.5 154 121.5
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The variation of the growth rate and the thickness of TiO as a function of the PH
precursor solution values before and after annealing is presented in table I11.3, 111.4 and figure
I11.5 (a,b). Before the annealing (figure 111.5a) we observe that the PH of solution at 6.5 has
the largest value of thickness estimated at 749 nm, at PH=2.5, the thickness decreases to 472
nm. The lowest value for thickness is at a basic PH=10.5 and is estimated at 308 nm. We
observe the same evolution in growth rate values. This results when the PH rises (basic
medium), more OH" ions enter the solution and they have a tendency to interact easily with
titanium atoms, leaving insufficient titanium for TiO> to develop on the substrate. Hence, the
chemical reactions to produce the nuclei onto the substrate decreases. This conclusion is also
indicated by thickness measurements which show a thinner layer at increased PH (10.5). [64]

Figure below (I11.5) show the variation of thickness and growth rate as a function of
PH precursor solution values, before and after annealing.
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Figure I11. 5 Film thickness and growth rate variation of our thin films depending on PH
precursor solution value
(a) before annealing , (b) after annealing

After annealing (figure 111.4b), we observe the same evolution for both thickness and
growth rate. We notice that the thickness and growth rate of our thin films decrease with
annealing. The greatest value of thickness is predicted to be 653 nm at a PH=6.5, while at
PH=2.5, the thickness decreases to 431 nm. The lowest value for thickness is at a basic
medium PH=10.5 and is estimated at 243 nm. This decrease can be explained by the effect of
annealing as follows: the decrease could be originated by the increment of material density
owing to the evaporation of organic residual coming from the precursor solution [59]
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I11.6.3. Structural characterization by XRD (X-rays diffraction)

The crystallization phase of the prepared thin films was investigated with the effect of
PH before and after the annealing, using the X-ray diffraction technique (chapter II) using a
type of Rigaku SmartLab Diffractometer, of configuration 20-60 and having a CuK,
radiation source of wavelength A = 1.540593 A.

The XRD spectra of TiO> thin films deposited at different PH precursor values before
and after annealing are shown in Figure 111.6 (a,b).
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Figure 111. 6 The X-ray diffraction spectra of our TiO2 thin films
(a) before annealing , (b) after annealing

We observe for both before and after annealing, the presence of planes (101), (004),
(200), (105), (211), (204), (116), (215), corresponding to the diffraction angles of 25.23°,
37.87°, 47.98°, 53.80°, 55.13°, 62.54°, 68.76°, 75.14° respectively. These planes point to the
anatase phase and the presence of these orientations in X-ray spectra indicates that the films
are polycrystalline. The crystal structure of this phase is tetragonal with lattice parameters:
a=b=3.782 A and ¢ =9.430 A, and are in good agreement with reported data (ICCD N° 21-
1272, see annex). On the other hand, it is important to note that there is a preferential growth
orientation of the TiO crystallites according to the (101) plane, which is logical due to the
small formation energy of this plane according to another plane [21]. It should be noted that
before annealing the intensity of the X-ray diffraction peaks in the case of PH=6.5 is very
large indicating a high degree of crystallinity, this is explained by an increase in nucleation
sites brought on by more material being deposited on the surface of substrate [65], but for the
case of PH=10.5 the intensity of the peaks becomes very weak and broader. After annealing It
can be seen that we have the same peaks planes, we observe the increase in the intensity of the
peaks due to annealing temperature. The change appears clearly in thin films deposited at
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PH=6.5, and lowest variation is at PH=10.5, this phenomenon is related with research of V.
Gopala Krishnan et .al [66]

111.6.3.1. Crystallite size D and dislocation density &

By exploiting the equations (I1.2 and 11.3) mentioned in chapter Il, we determined the
crystallite size and the dislocation density of our TiO2 thin films for the most intense peak
(101) for anatase, the results are summarized in the following tables:

Table I11. 5 The crystallite size of our TiO; thin films

Before annealing
28.56 29.86

After annealing

PH=2.5
PH=6.5 20.09 24.09
PH=10.5 22.34 27.37

Table I11. 6 The dislocation density of our TiO; thin films

Before annealing After annealing

PH=25 12.26 11.22
PH=10.5 20.04 13.35

As can be seen in Table I11.5, 111.6 and the figure below (figure 111.7), the crystallite size
and dislocation density are affected by the PH. So we find before annealing that the highest
value of the crystallite size is at the PH of the acidic medium (PH=2.5), while the lowest
value was in the normal medium (PH=6.5) , This behavior can be explained on the basis of
the fact that for low PH values (PH=2.5), the low-hydrolyzed species will exhibit a high
condensation velocity, which means that the process of thin film growth is enhanced, favoring
the formation of big crystallite size. These results suggest that the structural properties of the
films are enhanced with solution acidity and may be attributed to the increase in the crystallite
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size [67]. Our results are in agreement with the work of Ouissem Chibani et al, and Siti Aida
Ibrahim et al [67,68].

Concerning dislocation density, we notice the opposite behavior of the crystallite size, the
highest value of dislocation density is in the normal medium (PH=6.5), and the lowest is for
the acidic medium (PH=2.5). This decrease was caused by the increase in the crystallite size
because when the size of the crystals increases, the joints will automatically decrease [19].
This result can be confirmed by the crystallite size variation.

After the annealing, we notice an increase in crystallite size and decrease in dislocation
density with the same variation like before annealing. This can be explained by: the
recrystallization of the quantity of the material which was not yet crystallized before
annealing, means that which means improving the crystalline state of films due to the raise of
nucleation centers after annealing treatment [21], in addition may be explain this evolution in
crystal structure that the energy is sufficient.

Following figure present the evolution of Crystallites size, dislocation density before and
after annealing:
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Figure 111. 7 The evolution of Crystallite size D, dislocation density 6
(a) before annealing , (b) after annealing
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111.6.3.2. Micro-Strain (¢)

The results of the micro-strain of TiO thin films are shown in Table I11.7:

Table I11. 7 The micro-strain of our TiO; thin films

Before annealing After annealing

PH=25 5.55 5.31
PH=6.5 7.88 6.57
PH=10.5 7.08 5.79

The table 111.7 and figure 111.8 present the variation of micro-strain of our thin films
according to PH precursor values. It can be seen that before annealing, the thin film deposited
at PH=6.5 is characterized by a large deformation compared to the other films. It can explain
these results by the variation in crystallite size, when it increases, micro-strain decreases due
to reduction in defect density inside the films [34]

We notice that the annealing affects the deformation of our thin films. After annealing, the
thin films deposited are characterized by a small deformation, which means that micro-strain
decreases with annealing. This reduction in micro-strain may be due to the procedure of
recrystallization of TiO; crystallites.

Figure below shows the variation in micro-strain before and after annealing:
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Figure I11. 8 The variation in micro-strain before and after annealing.




I11.6.4. Raman spectroscopy

Raman spectroscopy has been used to investigate the chemical composition,
crystallinity, structural defects, and size effect of nanoscale crystallites. In our study, Raman
spectroscopy used in the characterization is : Rapid Microcoagulation Raman Imaging System
Model: Horiba LabRam HR Evolution (mentioned in chapter 2).

Figure 111.9 shows the Raman spectra of our samples in different PH precursor values
before and after annealing (at 600°C):
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Figure 111. 9 The Raman spectra of our TiOz thin films elaborated at different PH precursor
values
(a) before annealing , (b) after annealing

As seen in figure 111.9, laser Raman microspectroscopy indicates the presence of
anatase phase in all of the films, with bonds 144, 195, 397, 514, and 638, refer to Eg) ,Eq),
B1g, A1g, and Eg(3) respectively [69].

We can observe that the effect of PH precursor is clear in our Raman spectra for our
samples. The highest intense peak at in PH=6.5, and lower intense peak is in basic medium
(PH=10.5), this indicates a best crystallinity means that high crystallite density at PH=6.5 ,
which is confirmed by the XRD results.

We notice that the annealing temperature affect the intense of our peak, and that was
explained in XRD results (recrystallization of thin films).
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111.6.5. Field Emission Scanning Electron Microscopy FESEM

The surface morphology of the films were examined by Field Emission Scanning
Electron Microscopy FESEM Model: Gemini 300.

Figure 111.11 illustrates the morphology of our TiOz thin films. All the films clearly
show a homogeneous, smoothing surface, and uniform grain size, without cracks, and
pinholes in various PH precursor values before and after annealing (see figure 111.11),
indicating that the films are well adherent to the substrates. [59,70]

We can notice that at high Value of PH precursor (PH=10.5), we have a tiny granular
particle. When PH precursor decreases (PH=2.5), the surface of the films becomes more
uniform as shown in cross sectional figure (111.10), with the larger grain size indicating an
increase in crystallinity. According to FESEM results, the grain size varies depending on the
PH precursor of solution, which is in accordance with structural study (XRD measurement).
[66]

Cross sectional image (figure 111.10), confirm the variation in grain size with PH
precursor value:

Figure I11. 10 Cross sectional image obtained by FESEM in different PH precursor values
(@) PH=2.5, (b) PH=6.5, (c) PH=10.5 (before annealing)
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Figure 111.11 shows FESEM images of our samples at 500, and 100 nm:

- 500V Cofumn Mode = Analytic Scan $ 6 . 0 y = 500V Cofumn Mod

Figure 111. 11 FESEM surface images of our TiO: thin films at different PH precursor values
(a) before annealing , (b) after annealing
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111.6.6. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)

The ATR-FTIR characterization of our TiO2 thin films was made by: Fourier transform
infrared spectrometer Model: INVENIO-R

The ATR-FTIR spectra of our uncoated and coated glass substrates by TiO> elaborated
in different PH precursor values by the ultrasonic spray pyrolysis technique before annealing
are presented in the Figure I11.12. The appearance of many transmittance peaks in the
spectrum that are attributable to the vibrational modes of TiO> demonstrates that it has been
formed. The ATR-FTIR spectra shows the presence of a significant band at around 900 cm™
associated with the symmetric stretching of pure SiO> (Si-O-Si bonds) was seen in the control
of glass sample. When TiO> was deposited over the glass substrate, the strength of the Si-O-Si
bonds was found to decrease and a shift towards lower frequencies was noticed. This shift can
be associated to the existence of Si—-O-Ti and Ti-O-Si bonds, which confirm the strong
adhesion between the glass substrate and the TiO> film [52,71]. The ATR FTIR spectra of the
sample deposited at PH=6.5 demonstrate a peak in the range of 3200-3600 cm™ ! which are
related to the O—H stretching vibrations. The O—H groups are originated from the adsorption
of H.O molecules onto the surfaces of metal oxide materials. The presence of the
transmittance peaks Ti-O-Ti confirm the successful formation of TiO2 [71,72]. All the
samples show some peaks at 1600 cm™, which are attributed to COO stretching vibration.
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Figure 111. 12 ATR-FTIR spectra of our TiO thin films in different PH precursor values
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Chapter 4 .

Optical Characterizations
and photocatalytic
application of TiO thin
flims



This chapter is dedicated to discussing the results of optical characterizations by UV-
Vis-NIR, and photoluminescence spectrophotometer, followed by the photocatalytic
application of our TiO2 thin films and their measurement.

IV.1. Optical characterizations

IV.1.1. UV-Vis-NIR spectroscopy
IV.1.1.1. Transmittance and reflectance spectra

The optical characterization of our TiO2 thin films was made by UV-visible-NIR
spectroscopy Model: HITACHI UH4150 (mentioned in chapter I1), in wavelength spectral
range from 300 up to 1500 nm. The transmittance and reflectance spectra of our TiO> films as
a function of PH precursor solution, developed before and after annealing at 600°C are shown
in Figures below:
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Figure 1V. 1 Transmittance spectra of our TiO> thin films elaborated in different PH
precursor values
(a) before annealing , (b) after annealing
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Figure 1V. 2 Reflectance of our TiO> thin films elaborated in different PH precursor values

(@) before annealing , (b) after annealing

In the wavelength range of 300-1500 nm, the figure 1V.1 shows the optical
transmittance spectra of our TiO; thin films produced from TiO> solutions with various PH
values as-deposited and annealed at 600 °C. The elaborated films made from the solutions
synthesized at PH levels of 2.5, 6.5, and 10.5 are discovered to exhibit high average optical
transmittance in the visible spectral range (approximately 85 %). The oscillation transmittance
may be due to the well-crystallization of film and this oscillating nature is caused due to the
interference between the reflection film and substrate. Additionally, it attests to the strong

adhesion on transparent glass surfaces (see cross sectional FESEM image 111.10, and ATR-
FTIR peaks). [66, 67]

The figure 1.3 shows the variation in the transmittance of our samples.

we can observe that all the samples have a smoothing surface, which noted in FESEM
images too (figure 111.11). The average of transmittance after annealing decreased by value of
2%. Thickness measurement also confirmed by the fringes (number and amplitude of
transmittance waves) of the transmittance spectra.
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Figure V. 3 Transmittance spectra of our TiO; thin films obtained before and after annealing
with different PH precursor solution values

IV.1.1.2. Gap energy Eg and Urbach energy Ey (disorder)

From the transmittance spectra, the indirect Eg optical gaps and Urbach energy E, for
the TiOz films were deduced according to the method described in chapter II.
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Following tables IV.1, IV.2 summarize the variation of Eg and Ey respectively:

Table IV. 1 Variation in indirect Eg optical gaps of our TiO thin films

Before annealing After annealing

PH=2.5 3.37 3.32
PH=6.5 3.30 3.33
PH=10.5 3.31 3.36

Table V. 2 Variation in Urbach energy E, of our TiO- thin films

Before annealing After annealing

PH=2.5 0.162 0.170
PH=6.5 0.164 0.160
PH=10.5 0.191 0.188

These variations are also illustrated in figure 1V .4.

As seen in table 1V.1 and figure 1V.4, before annealing the acidic medium has a value
of Eg=3.37 eV, then it decreases with the increase of PH precursor, at PH=6.5 the value is
3.30 eV, and at PH=10.5 is 3.31eV. The variation in optical band gap can be related to the
crystalline state, at the PH=6.5 the optical band gap is closer to the bulk state of anatase TiO>
(3.2 eV), the film with the best crystalline structure, according to the XRD pattern [64]. The
band gap energy, a constant value of the materials for bulk samples, is known to vary in thin
films due to particle size effect and film thickness. The decrease in the optical band gap of the
films with an increase in the PH precursor solution could be attributed to the grain size
enhancement, which takes place as a result of the faster rate of hydrolysis and
polycondensation in the films deposited from solution with higher PH [73].

We can notice that at PH =10.5 has a high value of Urbach energy than the other
mediums, this can be due to the small degree of crystallinity in this samples [62].
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Figure 1V. 4 Variations of the gap energy Eg and Urbach energy Ey before and after
annealing

IV.1.2. Photoluminescence study

Photoluminescence (PL) spectroscopy technique uses to investigate the structure
defects, impurity levels and quality of thin films [56]. The photoluminescence
characterization of our TiO2 thin films was made by: Fluorescence Spectrometer Model:
HITACHI F-7100.

Figure V.5 presents the photoluminescence spectrum of our TiO; films deposited at
different PH precursor values, before and after annealing.

200 S 200
(a) Ko ——PH=10.5 (b) ——PH=10.5
180 - ——PH=65 180 ——PH=6.5
] T8 — PH=25 ——PH=25
160 - ' A : 160 d
! @
J y )
= 140 o 140 <
a 120 4 s 120 4
8 oo 8
> 100-_ 5 100 -
2 g0 2 g0
g g
£ 604 £ 604
40 A 40
20 4 20
0 T T T T T T T T T T T T T T T 0 T T T T T T T
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 1V. 5 PL spectrum of TiO> elaborated in different PH precursor values
(a) before annealing , (b) after annealing
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From figure above, we can observe that before annealing we have three interesting
emission peaks. Peaks in the range of (300-500 nm) are known for the band gap energy (EQ),
and the peaks between (500-700 nm) refer to the oxygen vacancies. The shift in the intense
peak supports the bang gap energy Eg values. The PL spectra of TiO. materials is due to two
types of physical sources namely surface defects, and oxygen vacancies [1,21]. It’s clear from
the figure above that the intensity of the peaks affected by the PH precursor. At PH=2.5 the
peak has the highest intense, and this is because when the band gap contains a smaller number
of defects, when the electron returns from the conduction band to the valence band, defects do
not interfere with its path, which leads to the preservation of his energy, and therefore the
peak is of high intensity, and this means that the intensity of the peak reflects the degree of
organization in the forbidden range (EQ).

The visible emission can be attributed to the radiative defects related to the interface
traps existing at the grain boundaries and which are emitted from the radiative transition
between these levels and valence band. This last can be confirmed by the decrease of the
peak’s intensities with the decrease of the grain boundary area [1].

Through the figure V.5, we can notice a decrease in the intensity of the peaks after
annealing, and this is due to the increase in oxygen vacancies.

IV.2. Photocatalytic application

In order to test the photocatalytic activity of our elaborated TiO2 thin films and its
application to contaminant removal (water treatment), the samples were dipped in Methyl
Orange (MO) solution dye and exposed to simulated solar light irradiation (UV-A) for a
period of 6 hours straight.

The photocatalytic reaction is very sensitive to the catalyst surface. The reactions start
when a photon with energy equal to or greater than the band gap is absorbed by TiOg,
producing an electron-hole pair that serves as the catalyst for the process [74]. The Methyl
Orange reacts with radicals generated from the reactions of electron-hole pair with oxygen
adsorbed and water to produce radicals, this mechanism shown in the equations written in the
chapter I (from 1.1 to 1.8).

IV.2.1. Why did we choose Methyl Orange?

The following reasons explain why Methyl Orange molecules were selected:

+ The chemical structure of Methyl Orange is stable under irradiation light. (figure 1V.6)
+ It is the pollutant closest to representing pollutants in nature.
+ Its toxicity is very high.
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Figure IV. 6 UV—-Vis absorption spectra of Methyl Orange solution without our thin films
(blank)

IV.2.2. Photocatalytic degradation measurement

Figure 1V.7 shows the absorption spectrum of the Methyl Orange solution exposed to
UV-A light for 6 hours with our dipped samples in it that were prepared at different PH
precursor values.

This figure clearly shows that the intensity of the absorption peaks decreases with the
period of time that the solution is exposed to UV-A radiation, which indicates the MO has
degraded. As can be seen, the absorption peak intensity changed as the PH precursor values
varied, and a minimum value of peak intensity was found for all samples at 6 hours. It was
noticed that the as-deposited TiO> thin films with a PH precursor value of 2.5, and 10.5, had
the lowest value of Methyl Orange absorption intensity. However, the annealed TiO2 thin film
at PH=10.5, the absorption intensity reaches its maximum amount. As a result, it can be
concluded that when thin films are used with a PH=2.5 and PH=10.5 (as-deposited samples),
the decomposition of the Methyl Orange pigment is significant.
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Figure 1V. 7 UV-Vis absorption spectra of Methyl Orange solution with our dipped TiO>
samples elaborated in different PH precursor as-deposited , and annealed at 600°C
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IV.2.3. Photodegradation rate

For the photocatalytic degradation of organic pollutant dye solution, the
photodegradation rate (PDR) of thin films was determined using the formula: [31,36]

PDR = % % 100 (IV.1)
0

Where Co is the Concentration of Methyl Orange dye solution before the illumination,
and C is the concentration of Methyl Orange dye after UV-A irradiation exposure time t.

Figure IV.8 shows the variation of photodegradation rate as a function of UV-A
irradiation exposure time:
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Figure 1V. 8 Variation of photodegradation rate as a function of UV-A irradiation exposure
time
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The photodegradation rate at 6th hour values as a function of PH precursor solution
values are shown in table IV.3: (it is worth noting that the Methyl Orange (MO) concentration
at 0 hour is 100 %)

Table 1V. 3 The photodegradation rate at 6th hour as a function of PH precursor values

As-deposited Annealed at 600°C
PH=2.5 1.20 1.86
PH=6.5 3.12 2.01
PH=10.5 1.19 6.18

Table V.3 shows the photodegradation rate of Methyl Orange. The lowest value of
photodegradation rate was at PH=2.5, and PH=10.5, the as-deposited samples, this mean that
the decrease in MO concentration was high. While we achieved the highest value at the PH
precursor value PH=10.5, but at the annealed sample, this means that the decrease in MO

concentration was low.
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The following figure shows the color degradation of Methyl Orange using our samples:

Blank (without catalysts)

Figure 1V. 9 Color degradation of Methyl Orange solution with catalysts (our TiO> thin
films), and blank
(a) before annealing , (b) after annealing
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IV.2.4.Photocatalytic reaction rate constant (Kapp)

Methyl Orange degradation under UV-A irradiation light is known to follow first order
kinetics, i.e., the integrated band area (A) depends on time as follows: [38]

C, = Coe Kavrt (IV.1)
Where: Kqpp is the constant of photocatalytic reaction rate.

The photocatalytic reaction rate constant (Kapp) is the linear fit slope of the plot: In
(Ci/Co) over time, and it was calculated from the following equation: [31]

—In [E—z] = Kgpp X (IV.2)

The photocatalytic reaction rate constant (Kapp) represented in Figure 1V.10. We made
the linear approximation of the curves and then calculated the slope from it.

It can be seen that the higher slope of the photocatalytic reaction rate plot, was at the
as-deposited thin films, at PH precursor value equal to 2.5, and 10.5, it’s the samples that have
the best photodegradation of Methyl Orange (see table 1V.3).

The Kapp parameter represents the response time. The reaction speed on the surface of
the thin films increases as the Kapp values increase, which causes the Methyl Orange dye to
degrade more quickly. [21]
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(eneral conclusion

The work discussed in this memory was primarily concerned the effect of PH
precursor on the properties of our TiO thin films deposited by ultrasonic spray process and
their photocatalytic applications.

We have demonstrated the effect of PH on the structural, morphological, and optical
properties of TiO. thin films using the following techniques: X-Rays diffraction, Raman
spectroscopy, Field Emission Scanning Electron Microscopy FESEM, ATR-FTIR, UV-Vis-
NIR, and Photoluminescence spectroscopy, and also for the photocatalytic application.

According to the results, we can obtain that:

4+ The PH affects the growth rate of our thin films.
% From XRD characterization we can obtain:

» The thin films of TiO> obtained before and after annealing at 600°C crystallize in the
anatase phase with many orientations, confirm that the films are polycrystalline, with a
preferential orientation along the (101) plane.

» The acidic medium has more crystallinity than the basic medium, and we can assume that
after annealing the crystallinity is improved.

» At alow PH value (PH=2.5), has the biggest crystallite size, which means the dislocation
density in this medium low.

+ From the Raman spectra, we can confirm the results obtained from XRD, and that at
PH=6.5 has the best crystallinity.

+ From the FESEM characterization we can obtain that:

» All the samples of TiO> elaborated in different PH precursor values before and after
annealing, have homogeneous, smoothing surfaces, and uniform grain sizes, without
cracks, and pinholes.

» At PH=6.5, the thin film is denser than the other mediums, and that is confirmed by the
XRD results too.

+ ATR-FTIR spectra shows the appearance of the peaks that indicates the successful
formation of TiO,, and confirm the good adhesion between the glass substrate and the
TiO2 thin films.
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The optical characterizations allow as to know:

+ From UV-Vis-NIR characterization we can obtain that:

» The average of transmittance is about 85%.

» The band gap energy Eg varies depending the PH precursor solution, before and after
annealing.

» The band gap energy Eg related to the crystalline state, the samples that have the best
crystallinity, have the lowest value of Eg.

» The Urbach energy Ey is high when the degree of crystallinity is weak.

+ From photoluminescence we can obtain that:

» The intensity of the peaks is related to the organization in the forbidden band gap, when
the intensity is high, the number of defects in the forbidden band gap is fewer.

» The shift in the intense peak in the visible range is according to the bang gap energy
values.

+ We can say that after applying the photocatalytic application (water treatment) to our
TiO, samples, the Methyl Orange was successfully degraded and its concentration was
reduced from 100% to around 1%, after being exposed to 6 consecutive hours of
simulated solar light irradiation (UV-A).

+ We find that the photocatalytic performance is affected by the PH precursor solution,
and it has the best result with samples deposited PH=2.5, and PH=10.5 before
annealing, and it can also be affected by the thickness of the films.

After the success of using our elaborated thin films in the photocatalytic application,
we can confirm that our TiO. thin films are suitable for industrial applications, and in the
future, it is possible to improve their properties and apply them in several other
applications such as: Hydrogen production, and gas sensors.
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Annex

ASTM sheets for the TiO; anatase phase

Name and formula
Reference code:

Mineral name:
Compound name:

PDF index name:

Empirical formula:
Chemical formula:

00-021-1272

Anatase, syn
Titanium Oxide
Titanium Oxide

0,Ti
TiO,

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a (A):

b (R)

:c (R)

:(°) Alpha

:(°) Beta

:(°) Gamma

:Calculated density (g/cm”3)
:Volume of cell (106 pm~3)
Z

RIR

Subfiles and quality

Subfiles:

Quality:

Comments

Tetragonal
141/amd
141

3,7852
3,7852
9,5139
90,0000
90,0000
90,0000

3,89
136,31
4,00

3,30

Alloy, metal or intermetalic
Common Phase
Corrosion
Educational pattern
Forensic

Inorganic

Mineral

NBS pattern
Pharmaceutical
Pigment/Dye

Star (S)
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Color: Colorless

Creation Date: 01/01/1970

Modification Date: 01/01/1970

Color: Colorless

Additional Patterns: See ICSD 9852 (PDF 01-071-1166)

Sample Source or Locality: Sample obtained from National Lead Co., South Amboy, New Jersey,

USA. Anatase and another polymorph, brookite (orthorhombic), are
converted to rutile (tetragonal) by heating above 700 C. Pattern
reviewed by Holzer, J., McCarthy, G., North Dakota State Univ,
Fargo, North Dakota, USA, ICDD Grant-in-Aid (1990). Agrees well
with experimental and calculated patterns

Additional Patterns: Validated by calculated pattern

Temperature of Data Collection: Pattern taken at 25 C.

References
Primary reference: Natl. Bur. Stand. (U.S.) Monogr. 25, ) ,82 ,71969(
Peak list
No. h k 1 d [A] 2Thetaldeg] I [%]
1 1 0 1 3,52000 25,281 100,0
2 1 0 3 2,43100 36,947 10,0
3 0 0 4 2,37800 37,801 20,0
4 1 1 2 2,33200 38,576 10,0
5 2 0 0 1,89200 48,050 35,0
6 1 0 5 1,69990 53,891 20,0
7 2 1 1 1,66650 55,062 20,0
8 2 1 3 1,49300 62,121 4,0
9 2 0 4 1,48080 62,690 14,0
10 1 1 6 1,36410 68,762 6,0
11 2 2 0 1,33780 70,311 6,0
12 1 0 7 1,27950 74,031 2,0
13 2 1 5 1,26490 75,032 10,0
14 3 0 1 1,25090 76,020 4,0
15 0 0 8 1,18940 80,727 2,0
16 3 0 3 1,17250 82,139 2,0
17 2 2 4 1,16640 82,662 6,0
18 3 1 2 1,16080 83,149 4,0
19 2 1 7 1,06000 93,221 2,0
20 3 0 5 1,05170 94,182 4,0
21 3 2 1 1,04360 95,143 4,0
22 1 0 9 1,01820 98,319 2,0
23 2 0 8 1,00700 99,804 2,0
24 3 2 3 0,99670 101,221 2,0
25 3 1 6 0,95550 107,448 4,0
26 4 0 0 0,94640 108,963 4,0
27 3 0 7 0,92460 112,841 2,0
28 3 2 5 0,91920 113,861 2,0
29 4 1 1 0,91380 114,909 2,0
30 2 1 9 0,89660 118,439 4,0
31 2 2 8 0,88900 120,104 2,0
32 4 1 3 0,88190 121,725 2,0
33 4 0 4 0,87930 122,336 2,0
34 4 2 0 0,84640 131,036 2,0
35 3 2 7 0,83080 135,998 2,0
36 4 1 5 0,82680 137,391 4,0

T —
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37 3 0 9 0,81020 143,888 2,0
38 4 2 4 0,79740 150,039 4,0
39 0 0 12 0,79280 152,634 2,0

Stick Pattern

Intarsity [%
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0
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Abstract

Effect of PH precursor on the properties of TiO2 thin films deposited
by ultrasonic spray process and their photocatalytic applications

In this memory, we study the effect of PH precursor on the structural, morphological,
and optical properties of titanium dioxide TiO. thin films before and after annealing,
deposited by the ultrasonic spray process, and their photocatalytic applications. To
characterize these samples, we use for the structural characterizations: X-Rays Diffractions
(XRD), Raman and ATR-FTIR spectroscopy, for the morphological study we use FESEM,
and for the optical characterizations, we use the UV-Vis-NIR and photoluminescence
spectroscopy.

The XRD spectra show that all the samples have a polycrystalline structure with a
favorable orientation growth plane (101) which refers to the anatase phase. The crystallite size
is severely varied with the PH precursor. Our results confirm that the PH can affect the
structure, and Raman spectra enhance these results.

The FESEM shows that all the thin films have a homogenous surface, and uniform
grain size, without any cracks or pinholes.

The ATR-FTIR spectra confirm the successful formation of TiO> thin film and their
good adhesion to the glass substrate.

The UV-Vis-NIR shows that our samples have a high transmittance in the visible
range of around 85%, and the band gap energy Eg is affected by the PH precursor solution.

The photoluminescence allows us to know that the intensity of the peak is related to
forbidden band gap purity from defects, when the number of defects between the conduction
band and the valence band is fewer, the peaks have a high intensity. The intensity of these
peaks is affected by the PH precursor of the solution and annealing temperature.

Our TiO2 thin films have the ability to degrade Methyl Orange contaminant, and their
photocatalytic activity under simulated solar light irradiation (UV-A) is very high, where the
Methyl Orange concentration decreased from 100% to around 1%. The performance of TiO>
thin film can enhance with PH precursor values equal to 2.5 and 10.5 (acidic and basic
mediums).

KeyWOI‘dSZ Titanium dioxide TiO2, thin films, PH precursor, structural,
morphological, and optical properties, ultrasonic spray process, photocatalytic application,
Methyl Orange, simulated solar light irradiation (UV-A).
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Resume

Effet du précurseur de PH sur les propriétés des couches minces de
Ti02 déposées par la technique de spray ultrasonique et leurs
applications photocatalytiques

Dans ce mémoire, nous étudions l'effet du précurseur de PH sur les propriétés
structurales, morphologiques et optiques de couches minces de dioxyde de titane TiO, avant
et aprés recuit, déposées par le procedé de spray ultrasonique, et leurs applications
photocatalytiques. Pour caractériser ces échantillons, nous utilisons pour les caractérisations
structurales : les diffractions des rayons X (DRX), la spectroscopie Raman et ATR-FTIR,
pour I'étude morphologique nous utilisons le FESEM, et pour les caractérisations optiques,
nous utilisons la spectroscopie UV-Vis-NIR et de photoluminescence.

Les spectres DRX montrent que tous les échantillons ont une structure polycristalline
avec un plan de croissance d'orientation favorable (101) qui fait référence a la phase anatase.
La taille des cristallites varie fortement avec le précurseur de PH. Nos résultats confirment
que le PH peut affecter la structure, et les spectres Raman renforcent ces résultats.

Le FESEM montre que tous les films minces ont une surface homogéne et une
granulométrie uniforme, sans fissures ni pigdres.

Les spectres ATR-FTIR confirment la formation réussie de couches minces de TiO et
leur bonne adhésion au substrat de verre.

L'UV-Vis-NIR montre que nos échantillons ont une transmission élevée dans le
domaine visible d'environ 85 %, et I'énergie de la bande interdite Eg est affectée par le PH
précurseur de la solution.

La photoluminescence nous permet de savoir que l'intensité du pic est liée a la pureté
de la bande interdite des défauts, lorsque le nombre de défauts entre la bande de conduction et
la bande de valence est moindre, les pics ont une intensité élevée. L'intensité de ces pics est
affectée par le précurseur PH de la solution et la température de recuit.

Nos couches minces de TiO, ont la capacité de dégrader le contaminant de
méthylorange et leur activité photocatalytique sous irradiation solaire simulée (UV-A) est trés
élevée, ou la concentration de Méthyl Orange est passée de 100 % a environ 1 %. Les
performances du film mince de TiO2 peuvent s'améliorer avec des valeurs de précurseur de
PH égales a 2,5 et 10,5 (milieux acides et basiques)

Mots-clés : Dioxyde de titane TiO2, couches minces, précurseur de PH, propriétés
structurelles, morphologiques et optiques, technique de spray ultrasonique, application
photocatalytique, Méthyl Orange irradiation solaire simulée (UV-A).
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