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Abstract

This thesis work investigates the structural, optical, and photocatalytic properties of nitrogen-
doped titanium dioxide (TiO,) thin films synthesized via the sol-gel method. Nitrogen-doped
TiO, thin films are deposited using three experimental approaches: adding nitrogen source
precursor in the TiO, deposition solution, N, plasma treatment, and TiN layer coupling. X-ray
diffraction analysis reveals exclusive crystallization in the anatase structure for both pure and
nitrogen-doped TiO, thin layers. UV-visible analysis shows transparency in the visible region
but opacity in the UV region for all thin films. Band gap energy calculations indicate a
decrease upon nitrogen doping, confirming successful incorporation. Atomic force
microscopy reveals nitrogen doping influences surface morphology and roughness. Nitrogen
plasma surface treatment exhibits slight photocatalytic activity enhancement, while TiN layer
coupling significantly improves photocatalytic activity. These findings underscore the
potential of nitrogen-doped TiO, layers for enhanced photocatalytic efficiency, addressing

environmental challenges posed by escalating pollution rates.

Key-words: TiO, thin films; sol-gel; plasma treatment; nitrogen doping; Photocatalysis.
Résumé

Ce travail de these explore les propriétés structurales, optiques et photocatalytique des
couches minces de dioxyde de titane (TiO,) dopeés a 1’azote, synthétisés par la méthode sol-
gel. Les couches minces de TiO, dopés & 1’azote sont déposeées selon trois approches
expérimentales : L'ajout d'un précurseur de source d'azote dans la solution de dép6t de TiO»,
traitement au plasma N, et couplage une couche de TiN. L'analyse par diffraction des rayons
X révele une cristallisation exclusive dans la structure de I'anatase pour les couches minces
de TiO,, qu'elles soient pures ou dopées a I’azote. L'analyse UV-visible montre une
transparence dans la région visible mais une opacité dans la région UV pour tous les couches
minces. Les calculs de I'énergie de bande interdite indiquent une diminution lors du dopage a
I’azote, confirmant une incorporation réussie dans la structure. La microscopie a force
atomique révéle que le dopage & I’azote influence la morphologie de la surface et de la
rugosité. Le traitement de la surface au plasma d’azote présente une légére amélioration dans
l'activité photocatalytique, tandis que le couplage de la couche de TiN améliore

significativement I'activité photocatalytique. Ces résultats mettent en évidence le potentiel
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des couches de TiO, dopées a I’azote pour une efficacité photocatalytique accrue, permettant

de relever les défis environnementaux liés a I'augmentation des taux de pollution.

Mots-clés : Couches minces de TiO, ; méthode sol-gel ; traitement au plasma ; dopage a

’azote ; photocatalyse.
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General Introduction

Modern technology has been significantly impacted by the utilization of thin films,
which are essential in advanced applications across numerous fields; TiO, material in thin
film form has emerged as the most commonly employed material in photocatalytic
applications thanks to its various advantageous properties, such as high oxidizing energy,
non-toxicity, low-cost, stability under light exposure, and widespread availability [1-3], As a
result of these characteristics, Titanium dioxide has found various applications such as
photocatalyst in water purification, coatings for self-cleaning windows [4, 5], antimicrobial
agents [6], solar energy conversion [7], catalysts for environmental remediation,
photochromic [8], optoelectronics devices [9], textiles, ceramic membrane [10], gas-sensing
devices [11, 12], and water electrolysis for hydrogen production [13, 14].

Despite these unique characteristics, TiO, exhibits several deficiencies regarding
some photoactive applications, due to its critical limitation to absorb visible light due to its
wide optical bandgap (E; = 3.2 eV). This wide optical bandgap causes TiO, to primarily
absorbing solar light in the UV (ultraviolet) range, which constitutes only 8% of the entire

solar spectrum, whereas visible light comprises up to 47%[15].

Numerous methods have been explored to decrease the optical bandgap energy, one
of which involves doping nitrogen atoms into the lattice of TiO, host materials [15-18].
Nitrogen doping has been found to effectively improve visible light photocatalytic activity.
The underlying hypothesis for the effect of nitrogen atoms doping is the introduction of N2p
energy states slightly above the valence band, making the band gap narrows, thus increasing
the TiO,'s absorption of visible light; Extensive research has been conducted thus far, and
several strategies have been developed to dope nitrogen atoms into the TiO lattice, including
doping using physical vapor deposition (PVD) [19], annealing in ammonia gas [15, 20], ion
implantation [21, 22]. TiO, sol-gel coating with nitrogen-containing precursors [23], and

plasma treatment techniques [15, 24].

The objective of this thesis work is the deposition of thin films of nitrogen doped titanium
dioxide by the sol-gel deposition technique for the TiO, thin films and different methods for
the nitrogen doping. The impact of the different approaches for nitrogen doping to the
structural, morphological, optical and photocatalytic properties of the TiO, thin films is also

investigated.



General Introduction

This thesis contains five chapters:

>

The first chapter serves as a literature review, focusing on the deposition technique
and the physical properties of titanium dioxide. It also explores general concepts
related to nitrogen doping in titanium dioxide and provides an overview of the
principles of photocatalysis.

Chapter two provides detailed descriptions of the experimental procedures used to
prepare the TiO, thin films, along with a detailed description of the various
characterization techniques employed throughout the study.

Chapter three focuses on the effect of the nitrogen doping via nitrogen precursor
solution (chemical process) and its influence on the physical and photocatalytic
properties of TiO,.

Chapter four investigates the impact of N, plasma treatment on the physical and
photocatalytic properties of TiO,.

Chapter five explores the effects of coupling a sub-layer of TiN on the TiO, film and

its impact on physical and photocatalytic properties.

This manuscript ends with a conclusion in which we summarize the main results obtained and

discuss future perspectives.
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1. Introduction

This first chapter collects the literature review of the physical properties of titanium
dioxide material along with the nitrogen doped TiO, material as well as its advantages and an
overview on the adopted preparation methods, and the photocatalysis description.

2. Titanium dioxide

In 1791, William Gregor discovered titanium (Ti) material, a silver-colored transition
metal; It is the seventh most abundant metal and ninth abundant element in the earth’s crust
[25]. Due to its low density and high strength, titanium is a strong and light metal. Titanium
cannot be found as a pure metal in nature because of its strong affinity to carbon, oxygen, and
nitrogen, making it hard to get in the pure form. In the early 1900s, titanium dioxide was first
discovered, and the manufacture of white titanium for use as a pigment (in anatase phase)
was first reported in France in 1923, where then soon replaced in the early 1930s the

lithopone and toxic lead-based pigments [26].

Titanium dioxide, also known as titania, is a white inorganic compound consisting of one
titanium atom and two oxygen atoms. Its chemical formula is TiO,, and titanium dioxide
belongs to the family of metal oxides. TiO, is very interesting for its many applications,
especially for its high oxidation power, high stability and resistance to corrosion, availability,
low-cost production, and ability to degrade a vast range of pollutants; It can also both scatter
and absorb UV rays [27, 28]. TiO, semiconductor has a significant band gap energy (Eq=3.2
eV). It is widely used in environmental applications as a photocatalyst for oxidation reactions
of organic compounds, thermal decomposition reactions of alcohol, photocatalytic
decomposition of water to generate hydrogen, photovoltaic cells, etc. [29].

The challenges with using TiO, in powder form include separation/filtration issues,
difficulties in continuous flow systems, and particle aggregation, especially at high
concentrations. To address these, there has been a shift towards producing TiO; thin films,
although they generally exhibit lower photocatalytic activity compared to powders due to the
surface vs. volume phenomenon [30, 31]. Structural changes between anatase and rutile
phases, and microstrain, depend on TiO, morphology and substrate nature [32, 33].
Supporting substrates are crucial for stabilizing anatase at high temperatures (>800 °C)

compared to powders, which may convert to rutile at lower temperatures (500-600 °C)[30].
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2.1.  Structural properties

Titanium dioxide (TiO;) semiconductor is the most important photocatalytic material, it
crystalizes in several crystalline structures depending on the processing temperature; the main
and most common polymorphs are rutile and anatase. Anatase is commonly obtained at film
deposition temperatures in the range 350-700 °C, while higher temperatures occur in the
growth of rutile phase. These polymorphs exhibit different properties and, consequently,

different photocatalytic performances.

2.1.1. Rutile phase

The rutile structure of TiO; is a thermodynamically stable phase that exhibits a very high
refractive index and ultraviolet absorption; due to these properties, it has been widely applied

in pigments and opacified materials.

The rutile phase crystallizes in a tetragonal structure with space group P42/mnm (136). The
elementary cell of rutile is quadratic (a = b = 4.5937 A and ¢ = 2.9581 A [34]), similar to the
cell of the anatase phase, but it is quite elongated along the ¢ axis. (Canatase = 9.514 A), The
unit cell of the rutile phase contains two Ti situated at (0,0,0) and (*2,%,%2) and four O atoms,
where the O atoms form a distorted octahedron around every Ti atom. It is the densest phase
of titanium dioxide and is stable at high pressures and temperatures. Figure (I.1) is a modular

representation of the rutile TiO, phase.

Figure (1.1): The rutile crystal structure [35].
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2.1.2. Anatase phase

The anatase phase is more complex than that of the rutile phase. Anatase crystallizes in a
quadratic system (space group 141/amd) whose lattice parameters are a= 3.7842 A and ¢ =
9.5146 A [34]. The crystal structure comprises octahedrons linked together by edges, and
these octahedra are elongated along the c-axis. The unit cell contains 4 Ti atoms located at
(0,0,0), (*2,%,%), (0,%,%4) and (-%,0,-¥s) and 8 O atoms. This structure is formed at
temperatures lower than those of the rutile phase formation. It crystallizes at around 400 °C
and shares several properties with rutile, such as hardness and density. However, they differ

in the arrangement and the distortion of the octahedra. (see figure (1.2)).

Figure (1.2): The Anatase Crystal Structure [35].
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Table (1.1) summarizes the physical characteristics of the anatase and rutile phases of TiO,

material.

Table (1.1):The main physical characteristics of anatase and rutile forms of TiO, [36].

Property Anatase Rutile
Crystal structure Tetragonal Tetragonal
Atoms per unit cell 4 2
Space group I%md E %nm
Lattice parameters (nm) a=0.3785; ¢=0.9514 a=0.4594; ¢=0.29589
Unit cell volume (nm®)? 0.1363 0.0624
Density (kg/m®) 3894 4250
Calculated indirect band gap (eV) 3.23~3.59 3.02~3.24
Experimental band gap (eV) 3.2 3
Refractive index 2.54 ~2.49 2.79 ~2.903
Solubility in HF Soluble Insoluble
Solubility in H,O Insoluble insoluble
Hardness (Mohs) 55~6 6 ~6.5

2.1.3. Phases stability

Titanium dioxide is very stable thanks to the strong bonds between the tetravalent Ti**
cations and the bivalent O™* anions; therefore, it is chemically inert. When the stoichiometry
of titanium oxide is changed from 0 to 2, Ti, Ti,O, TiO, Ti,03, Tiz0s, Ti,02,-;, and TiO, are
encountered (see figure (1.3)). No titanium oxide structure with a stoichiometry greater than
two has been reported [34]. The rutile and anatase structures are only compatible with a

stoichiometry greater than 1.95.
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Figure (1.3): Titanium-Oxygen phase diagram [37].
The main difference between the properties of the anatase and rutile phases are:

- The crystallite size of the anatase phase is larger than that of the rutile phase.
- The light absorption of the anatase phase is lower than that of the rutile phase.
- The photocatalytic activity of the anatase phase is much higher than that of the rutile

phase.

Hanaor et al. [36] grouped the main conditions that could promote or inhibit phase
transformation (from anatase to rutile), including pressure, temperature, morphological

effects, and doping elements.

Figure (1.4) shows the phase transition limits in TiO, powder as a function of temperature and
working pressure. Over the last 50 years, various studies have been conducted to study
anatase transition kinetics to rutile. However, different transition temperature values have
been reported depending on the preparation technique, morphology, and structure of TiO, as
deposited. For temperatures above 600 °C, the anatase structure changes to the rutile structure
[38]. This kinetics strongly depends on the presence of impurities within the material. For
example, the anatase phase completely disappears at approximately 530 °C, 680 °C, and 830

°C for powder samples containing vanadium, molybdenum, and tungsten, respectively [39].
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Figure (1.4) : Boundaries of phase transitions in TiO, vs annealing temperature and pressure
[36].

The anatase phase transforms into a rutile phase at high temperatures. The transformation
temperature relied on the preparation method as well as the thermal annealing and other
mechanical processes to promote this transformation, such as ambient pressure, doping,
porosity, etc. In many works, it has been reported that the rutile phase is more stable than
anatase, which is confirmed by thermodynamic calculations [40, 41]. This variation in
stability indicates that the transition from the anatase phase to the rutile phase is an
irreversible process, along with the fact that the rutile TiO, phase can never transform into the
anatase phase, beyond the structural properties, titanium dioxide also exhibits intriguing

electrical characteristics.

2.2.  Semiconductor properties

In contrast to the chemical properties of the titanium dioxide, the electrical properties are
unstable, making it a modest semiconductor or a poor insulator. For many applications, it
would be interesting to make the TiO, more insulating or conductive. Since Fujishima and
Honda established in 1972 that a TiO, electrode under UV exposure could decompose water
into hydrogen and oxygen [42], titanium dioxide can be considered either as a broad n-type

semiconductor band gap or as an oxide with a narrow band gap (figure (1.5)).
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Figure (1.5): Band gap positions of several semiconductors in contact with aqueous
electrolyte at pH = 1[43].

When a semiconductor receives a photon with energy 4v greater than or equal to the width of
its band gap, the photon will be absorbed. The electrons (e”) of the valence band are thus
excited and promoted into the conduction band, and vice versa for the holes (h") initially
present in the valence band. This results in the creation of charge carriers in the form of

photoelectrons and electronic holes according to the relationship:

TiO, + hv > e~ +h?* (1.1)
For anatase, whose gap is = 3.20 eV, this mechanism takes place at a wavelength A less than
or equal to 380 nm, therefore belonging to the UVA domain. The photo-induced properties of
TiO, open the doors to several promising applications of TiO,, among the methods to deposit

Ti0, with controlled properties there is the sol-gel process.

2.3.  Sol-Gel Synthesis

The sol-gel process has been known since 1845 thanks to the work of J.J Ebelmen, who
was the first to describe the synthesis of silica from a silicon alkoxide [44]. This process
allows the production of various oxides in different formats (powders, thin films, fibers). This
diversity in materials and shapes has made this process very attractive in vast technological

fields. It also has the advantage of using mild chemical synthesis and the possibility of
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controlling many final product parameters, such as homogeneity, purity, porosity, and
particle size. Sol-gel constitutes a particularly well-suited method for doping since the
dopants can be introduced throughout the synthesis during the different stages. This allows a
more homogeneous distribution within the matrix than other methods. The sol-gel reaction is
a succession of condensation hydrolysis reactions of precursors, mainly M" (OR), alkoxides,
in which simple alkyl groups surround the metal atom. These mineral polymerization
reactions lead to increasingly condensed species forming colloidal silica particles forming
sols and then gels, hence the name of the “sol-gel” process [45]. The drying and densification
of these gels lead to glasses or ceramics. This synthesis method represents a new approach for
preparing glasses and ceramics [46]. Other authors define the sol-gel process as producing
dispersed materials by growing oxo-polymers in a solution [47]. Two synthesis routes are
distinguished according to the nature of the molecular precursors used [34]: organic and

inorganic.

Inorganic route: the precursor used is a metallic salt (chlorides, nitrates, oxychlorides)
dissolved in an aqueous solution, and this leads to successive hydrolysis, followed by
precipitation by condensation thanks to the formation of polymeric structures by oxo bond.
Their main disadvantage is that they require an additional step to eliminate inorganic anions
after a sol-gel reaction. This route is inexpensive but difficult to control, so it is still very little
used at the expense of precursors using organic ligands. However, it is the preferred route for
obtaining ceramic materials.

Organic or polymeric route: precipitation occurs by mixing an organometallic precursor
with water in an organic solution, which leads to a succession of reactions (hydrolysis-
condensation). This route is relatively expensive but allows fairly easy particle size control
[34]. Among the precursors with organic ligands, the most frequently used in sol-gel
chemistry are metal alkoxides whose generic formula is M" (OR),, where M designates a
metal atom of valence n (n = 4 for M = Ti), R an alkyl radical (-CxHzx+1) and OR an alkoxy
group. This type of precursor, more precisely tetraethyl-ortho-titanate (of formula
Ti(OC3Hy7)4) and/or tetrapropyl-ortho-titanate (of formula (CH3CH,CH,0),Ti), will be used
in this work to produce thin layers of TiO,. The sol-gel reaction occurs in two stages:

synthesizing the “sol” and forming the “gel.”

11
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2.3.1. Sol

A sol is a suspension of colloidal particles in a liquid. The hydrolysis of molecular
precursors obtains it: water is added to a solubilized alkoxide; the alkoxide is then
hydrolyzed, forming colloidal TiO, particles (diameter from 1 to 1000 nm) [34]. If these
particles are composed of reticulated chains of the M-O-M type, the sol is called "polymeric
sol." In contrast, a sol made of three-dimensional oxide particles is called "particulate sol."”
The chemistry of sol-gel involves two types of reactions: hydrolysis and condensation.
Although described successively below, these two mechanisms co-occur in the solution.
Hydrolysis constitutes the step of initiating the condensation of alkoxides at room
temperature. Metal alkoxides first react more or less quickly with the water contained in the
solution. During this reaction, a hydroxyl group will bond to a metal atom via the hydrolysis
reaction presented in the equation:

M™(OR),, + xH,0 - M(OR),,_,(OH), + xROH (1.2)
if (x = 1):

M™(OR),, + H,0 —» (OH) — M(OR),_, + ROH (1.3)

where ROH designates the parent alcohol of the alkoxide precursor.

The valence of titanium in alkoxide form is equal to four, which corresponds to its highest
degree of oxidation. The metal then tends to increase its coordination in order to reach its
maximum value which is 6. To do this, titanium uses its vacant states and accepts the non-
bonding doublets of oxygen atoms. It is this phenomenon that makes titanium alkoxides very

reactive with respect to hydrolysis. The mechanism is shown in figure (1.6).

) . H\/\
N Co® oR
0 4 RO——ib—(R See
/ la H W—CR
’ N
oR

Figure (1.6): Mechanism of metal alkoxides hydrolysis [34].
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2.3.2. Gel

The condensation stage of the sol allows a gel to be formed. This is the step of forming the

three-dimensional structure schematized in figure (1.7).

M—0H +RO—M—->M—-0—-M+ROH (1.4)
° T ]
G—I".ll—OH + HO—M—O o }.l'. o—r-l'. o * H0O
o ! S

Figure (1.7): Mechanism of metal hydrolysate condensation [34].

The -OH groups produced during hydrolysis are good nucleophiles. They will, during
condensation, lead to the creation of an amorphous oxide network made up of M-O-M chains
(Ti-O-Ti in the case of TiO,) with groups of alkoxy hydrolyzed or not at the end of the chain.
A gel is obtained when hydrolysis and condensation reactions are sufficiently advanced. The
transformation of the solution into a solid polymer network is then called the sol-gel

transition.

The gelation reaction can occur in situ in a liquid solution. The structure of the final gel will
depend on the relative rate of hydrolysis/condensation reactions. The gel can be a self-
supporting material, called a monolith when its dimensions exceed a few tens of micrometers
or a coating deposited in the form of thin layers on a support. After gelation, the polymeric
oxide network is formed. The solvent's total evaporation leads to the wet gel's transformation
into a dry gel called xerogel. The total solvent removal is accompanied by the forming of new
bonds between the different branches of the polymeric oxide network (branching). The
drying conditions of the gel will, in turn, condition the structure and properties of the xerogel.
For example, drying the gel under ambient conditions will cause a reduction in volume by a
factor of 5-10 under the action of capillary forces due to the withdrawal of the liquid phase,
thus reducing its volume porosity. This gel deformation will also promote the branching of
the polymer network initially obtained, thus increasing its rigidity [34]. In the case of thin
films, the gelling and drying stages are incredibly rapid due to the small quantity of liquid
deposited (typically a few seconds) and generally inseparable. After the deposition of a liquid
film, the evaporation of the solvent is very fast and increases the re-concentration of the

reactive species. Consequently, drying the gels in thin layers is also a critical step. Indeed,

13
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under ambient drying conditions, the rapid evaporation of the solvent causes the accelerated
formation of intense capillary stresses within the film. The intensity of these stresses can be
greater than 100 MPa [34]. In addition, the presence of the substrate harms the
homogenization of these constraints in the thickness of the film because the solvent can only
evaporate from the external face in contact with the air. This, therefore, results in a stress
gradient that mechanically weakens the xerogel film. In addition, the adhesion of the film to
the substrate partly opposes the relaxation of the stresses present in the film. These different
aspects mean that inorganic xerogel films with too great thickness (more significant than a
few 100 nanometers) will tend to crack. One way to overcome this drawback is to implement

multilayer deposition protocols.

2.3.3. Crystallization by gel annealing or thermal treatment

Although the sol-gel process makes it possible to obtain solid materials at room
temperature, it is often necessary to resort to heat treatment of the dry gel obtained to
improve its properties. Depending on the functionalities sought, this heat treatment will occur
at a higher temperature and will cause new structural transformations of the oxide network.

This step allows:

» The elimination of the last traces of solvent.
» The decomposition of anions (alkoxide groups) to form oxides.
» The crystallization of TiO,.

In order to accelerate the elimination of carbonaceous species, air is injected into the furnace

during annealing.

2.3.4. Advantages of the sol-gel process

Although the development of oxide materials is possible by several synthesis methods, the
sol-gel method is an interesting choice for several reasons. This process makes it possible to
produce monoliths, films, fibers, and powders of uniform size (figure (1.8) below). It also
allows precise control of stoichiometry [47, 48]. In addition, it is generally known that the
properties of the layers strongly depend on the preparation method, and the advantages of the
sol-gel process at this level are numerous: excellent homogeneity due to the dispersion of the
precursors in solution, easy control thickness, and an ability to produce complex shaped
coatings. This method also makes introducing dopants from organometallic precursors or
inorganic salts possible. Finally, it should be noted that this technique has been well-known

14
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in the laboratory for around 30 years, especially for developing materials such as ZrO,

zirconia [49].
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Figure (1.8): Various forms of materials derived from the sol-gel process [34].

3. Different studies on nitrogen doping of the TiO; lattice

In nonmetal doping, the TiO, photo-catalyst has a central issue, which is the
photocatalytic activity under visible light, which is very low when compared to ultraviolet
light [29, 50, 51]. Several methods exist for a charge balance if an anion is substituted with a

higher valence anion. The three methods are:

1. Host-cations may oxidize to a higher charge state,

2. Anion vacancies form that effectively remove negative charges from the crystal,

3. Cation interstitials form that introduce additional positive charges in the crystal.
The first method is impossible in the stoichiometry of TiO, material since the Ti ion is
already in its maximum valent 4+ charge state. In sub-stoichiometric TiO, material, Ti** sites
can be oxidized by introducing higher valent anions. The result is then identical to the method
2. The higher valence of the N-dopants relative to the host O-anions could be compensated by
the formation of O vacancies and Ti-interstitials [52]. Oxygen atom vacancies, in the absence
of N dopants, can cause a decrease of Ti** to Ti*" and the occupation of Ti-3d states.
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Asahi et al.[53] reported theoretical outcomes from substituting N, F, C, P, or S for O atoms
in the TiO, lattice. Results of the calculation of the density of states (DOS) for anatase TiO;
material suggest that substitutional type doping using N atoms is effective due to combining
nitrogen 2p states with oxygen 2p states, causing a significant decrease in the width of the

overall band gap energy.

3.1.  Rutile and anatase N-doped TiO, photo-activity

The origin of the variation in photoactivity between anatase and rutile TiO, due to
substitutional nitrogen doping was investigated using state-of-the-art density functional
theory (DFT) calculations by Di Valentin et al [54]. The study revealed both similarities and
differences in the electronic structure of anatase and rutile. A key difference is the contraction
of the valence band width W(O2p) in rutile upon nitrogen doping. In both polymorphs, there
are N2p localized states above the top of the O2p valence band. In the anatase TiO, phase,
these states cause a redshift of the absorption band edge towards the visible region. However,
in the rutile phase, the contraction upon nitrogen doping resulted in a lowering of the valence
band maximum (E,) by 0.43 eV compared to the undoped case (see E4 in Fig. (1.9)). The
highest nitrogen-induced level is 0.38 eV above E, (see Es in Fig. (1.9)), making the N2p
localized states slightly lower in energy (by 0.05 eV) than E, in pure rutile resulting in an
overall rise of the optical transition energy and band gap increase (see figure (1.9)).
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Figure (1.9): Schematic presentation of band structure in N doped anatase and rutile TiO;
phases [54].
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The modification mechanism of Nitrogen-doped TiO; has three different significant opinions
about [55] (can be generalized for nonmetals doping):

1. Band gap energy narrowing.

2. New impurity energy levels.

3. New oxygen vacancies.
Band gap energy narrowing has been studied by Asahi et al.[53], revealing that N2p states
hybridize with O2p states in the anatase nitrogen-doped TiO, because their energies are
almost equal. Thus, the band gap energy of N-TiO, is narrowed, leading to the ability of the
semiconductor to absorb visible light. Impurity energy levels were studied by Irie et al. [56],
and it was revealed that oxygen sites substituted by N atom (in TiO,) form isolated impurity
energy levels on top of the valence band. Irradiation with ultraviolet light excites electrons in
the valence band and the impurity energy levels. However, visible light irradiation only
excites electrons in the impurity energy levels [57]. TiO, doping with substitutional N could
have empty acceptor states above the valence state. In contrast, TiO, doping with interstitial
N has isolated impurity states in the mid-band gap (about 0.7eV at the top of the valence
band). N2p states primarily hybridize these impurity energy levels, and O2p states [58].
Lastly, O vacancies were studied by Ihara et al. [59]. They stated that oxygen-deficient sites
created in the grain boundaries are essential to promote visible light activity. N doping in

parts of oxygen-deficient sites is necessary for re-oxidation as blockers.

3.2.  Nitrogen sites and efficiency in the TiO; lattice

Nitrogen atoms can occupy substitutional sites (N-Ti—O and Ti—O-N) or interstitial sites
(n* character NO) in the TiO, lattice. Figure (1.10) shows the structures of three kinds of

nitrogen centers:

e Substitutional defects, Ns, in which an N atom replaces an O atom.
« In the interstitial defects, N;, the N atom is located in an interstitial place, and the O
atom is also displaced from its original site.
o Substitutional-interstitial defects, N, in which the N atom occupies the same position
as in the case of the N defect, and the O atom occupies an interstitial place [57].
The change in the dopant states for substitutional versus interstitial N impurities in the
anatase TiO, was studied both theoretically using DFT (density functional theory)
calculations and experimentally, especially using electron paramagnetic resonance (EPR)
spectroscopy, XPS, and photoluminescence measurements [50, 60]. The differing
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experimental conditions and preparation methods drastically influence the nature of the
measured XPS signals.

The study of Asahi et al. [53] revealed that the films exhibit N1s XPS peaks at 396, 400, and
402 eV binding energies. The authors of this study claim that the N species responsible for
the overall band gap energy narrowing effect exhibit the 396 eV N1s binding energy. Similar
N-doped powders that did not show the 396 eV XPS feature also did not show improved
photocatalytic activity [53]. This peak is assigned to substitutionally bonded Nitrogen- the
active dopant in that material. They suggested that substitutional type doping using N is
effective because of the mixing of N2p states with O2p states, causing a considerable
decrease in the width of the overall band gap energy. However, they reported that interstitial
doping kind and a mixture of both substitutional and interstitial kinds were both found to be
inefficient. Furthermore, in the work of Sangwook et al. [61], it is revealed that N atoms in
substitutional sites improve the photocatalytic activity of TiO, under visible light more

effectively than N atoms in interstitial sites.

N,(Ti-ON) Ny (Ti-NO)

Figure (1.10): Structures of the three Kinds of N centers (a) substitutional N (b) interstitial

N; and (c) substitutional-interstitial, Ng; [58].

In contrast, Peng et al. [31] found that the synergetic effect of interstitial and substitutional

nitrogen of N-doped TiO; can give the best photocatalytic activity. Similar results were also

concludes by Dong et al. [62]. In O vacancies, Lee et al. [63] showed that interstitial doping

states involving N-Ti—O or Ti-N-O bonds are more efficient for photocatalytic activity than

the substitutional N doping states. Also, Shen et al. [64] found that the interstitial nitrogen

presence is favorable to increase the hydrophilicity of N-doped TiO,.
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Figure (1.11): Electronic structure computed for (a) substitutional and (b) interstitial doping
models [60].

For substitutional kind N, these states are located at 0.14 eV at the top of the valence band,
and for interstitial kind N species (referred to as N-O), the localized states are determined to
lie at 0.73 eV at the top of the valence band [62, 65] (figure (1.11)). Also, these calculations
have proven a significant decrease in the energy formation for O vacancies due to additional
N atoms in the lattice. This indicates that O vacancies are induced mainly by N doping in the
TiO, [60].

Most N-doped TiO, manifested visible light absorption in the wavelength range of 400-600
nm, attributed to the presence of isolated N2p states at the top of the valence band at lower N
concentration (less than 2%) that could be doped into the TiO, lattice [29, 66]. A shift
towards visible light regions in the absorption spectra could be accomplished in the case of

higher N doping concentration (up to 17%) with the N substitutional sites [58, 65].

3.3.  Nitrogen-doped TiO, phase

Because the N atom is only 7% smaller than the O atom, substituting N in the O sub-
lattice is possible. Hence, N is unlikely to destabilize the TiO, lattice, and so it would be an
inhibitor of the phase transformation from the anatase phase to the rutile phase during any
post-thermal treatment (figure (1.4)); however, it could frequently generate O vacancies in the
TiO; lattice. It is worth mentioning that it is possible to thermal nitride TiO, and fabricate
nitrogen-doped TiO, only at high pressure (10 to 100 bar) and temperature (more than 900
°C) under N, or ammonia atmosphere [67]. These modifications significantly impact the

photocatalytic properties of TiO,.
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4. Photocatalysis

The research on the photocatalysis field has received growing interest recently because it
has seen extensive studies in the recent decades, since 1972 when Honda and Fujishima
discovered the decomposition of water into oxygen and hydrogen using electrodes of TiO,
(rutile phase) irradiated under UV rays [42]; since this discovery, the photocatalytic
properties of TiO, have been used for multiple applications such as converting solar energy
into chemical energy, photo-killing and elimination the bacteria [68], as well the elimination
of the pollutants in the air and water [69, 70].

Titanium dioxide TiO, material has been the most prominent photocatalytic material due to
its non-toxicity, relative abundance, optical properties, and stability in aqueous solutions.
However, it can only reach a certain level of photocatalytic efficiency due to its fast electron-
hole pair recombination time and its large band gap energy, which only absorbs UV light
[58].

4.1. Photocatalysis and Catalyst

Photocatalysis is an advanced oxidation technique (AOD) that allows the mineralization of
organic pollutants into CO,, H,0, and corresponding mineral acids. It is defined as the speed
acceleration of a chemical reaction under the action of light in the presence of a
semiconductor called a catalyst [71-73] without being consumed at the end of the reaction.
Photocatalysis includes irradiating the semiconductor (catalyst) with photons of energy equal
to or greater than the catalyst's band gap. The photo-catalytic activity describes the
acceleration of a catalytic reaction by light and is associated with the reaction rate.

Heterogeneous photocatalysis includes photo-reactions at the catalyst surface:

a) if the initial photo-excitation occurs on an adsorbed molecule, which then interacts with
the catalyst, the process is called a photo-sensitized reaction.

b) if the initial photo-excitation occurs on the catalyst (photo-excited catalyst), which then

acts on an adsorbed molecule, it is called a photo-catalyzed reaction.

4.2.  Heterogeneous photocatalysis mechanism

When the light (photons of energy equal to or greater than the band gap of the catalyst)

arrives at the surface of the catalyst, an electron (reduction site) is electronically excited from
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the valence band to the conduction band, leaving behind a positively charged hole (oxidation
site), both the electron and hole are used to induce the chemical reactions at the surface of the
semiconductor material, the electron reacts with oxygen and forms superoxides,
hydroperoxides and hydrogen peroxides which decompose into hydroxyls by the following

reactions [74]:

0, +e” - 03 (1.5)

05" +H* > HO3™ (1.6)

2HO; = 0, + H,0, (1.7)
H,0,+e~ - HO®*+ OH™ (1.8)
H,0,+ 05" - HO*+ OH™ + 0, (1.9)

The holes react with reductants and form very powerful oxidizing radicals OH*®, which are
able to oxidize organic molecules (pollutants) and to mineralize completely CO, and H,O

(destruction of pollutants) by the following reactions:

H,0 + h* > HO® + H* (1.10)
OH™ + h* > HO" (1.12)
Polluant + h* - Polluant® - R* + CO, (1.12)
HO® + Polluant - H,0 + CO, (1.13)
0,

Reduction

Conduction band e~/ 03—

A

hv > E,

uosreuIquioday

TiO,

v v

H* + HO® + Polluant

Valence band h™
-
Oxydation l
H,0 + CO,
H,0

Figure (1.12): Schematic diagram for heterogeneous photo-catalysis principal. [74]
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Heterogeneous photo-catalysis is a complex process that can be divided into the following
steps:

1. Transfer of reactive molecules dispersed in the solution or gas phase to the catalyst
surface: the diffusion of the molecules towards the surface is due to the concentration
gradient at the solid/fluid interface.

2. Adsorption of reactive molecules on the catalyst's surface can be classified into two
families: physisorption involving Van der Waals-type bonds and chemisorption
involving essential binding energies.

3. Reaction on the surface of the adsorbed phase is the most essential step in which the
photocatalytic reaction resides.

4. Desorption of products: active sites must be regenerated after the release of CO, and
H,0.

5. Elimination of products from the fluid/catalyst interface.

The lifetime of the pairs (e~ /h*) is very short. In the absence of acceptor and electron donor,
the recombination of the charges can occur in the bulk of the material or on its surface
generating heat according to the reaction [75]:

catalyst + e~ + h* — catalyst + energy (1.14)
This recombination of the pair e~/h* can be avoided by the confining of charges via
electronic states associated with irregularities on the surface or in the mass of the catalyst
which may appear during its preparation, for effective confining, the catalyst's velocity must
be greater than the recombination rate of the e~ /h* pair [74, 76]. In the case of TiO; as
catalyst, the electrons can be confined by Ti** cations, thus forming Ti** sites [74, 77]. Also
in many photocatalytic reactions, oxygen confines electrons and leads to the formation of

03~ superoxide anions [74, 78] .

5. Conclusion

In this chapter, we had an overview about titanium dioxide (TiO,) material. particularly
focusing on its structural, semiconductor properties, and sol-gel synthesis method. We also
discussed how nitrogen doping impacts the TiO, lattice. Finally, we explored photocatalysis

and its principle.
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1. Introduction

In this chapter, we will essentially present the different experimental techniques used in
this thesis to deposit TiO; thin films and N doped TiO, thin films. As well as the different
characterization techniques used in this work for determining the structural, optical,
electrical, chemical properties of the deposited films. The measurement of the photocatalytic

activity is also presented.

2. The choice of substrate

The selection of the deposition substrate type is a very important phase because it affects
the physical properties of the deposited film. Therefore, it is necessary to unify the substrate
type across the deposition process to ensure a good correlation between the results.
Nevertheless, some analysis techniques require a specific type of substrate. In our
experiments, we used two different types of substrates: silicon wafers Si (100) and
commercial glass slides. However, we chose commercial glass slides as our main deposition

substrate because of these factors:

» The TiO; interface film/glass has minimal stress due to its thermal compatibility.
» The transparency of the commercial glass slides works well for films when
conducting optical characterization in the visible spectrum.

» Financially inexpensive.

The structural and morphological characterizations were conducted using silicon wafers, and
the optical characterization and photocatalytic tests were performed using commercial glass

slides.

3. Cleaning of substrates

The cleanness level of the substrate’s surface is a very critical standard for depositing
high-quality ideal thin films with unaffected properties by the contamination of the surface;
to ensure high degree of the substrate cleanness, the deposition substrates were subjected to a
cleaning protocol composed of multiple cleaning stages ensuring the elimination of all kinds
of impurities from organic compounds such as grease or resins to inorganic particles like dust
to establish the best integrity possible prior the deposition process. Our adopted substrate
cleaning protocol is illustrated in figure (11.1), and its stages are outlined below:
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1- [Initial immersion in a detergent solution to remove any organic residues and particles.

2- Rinse the substrates with deionized water to remove any detergent remnants.

3- A second immersion in an Acetone at an ultrasonic bath to dissolve any residual
organic substances for 5 minutes.

4- A second rinse with deionized water to remove any remaining Acetone.

5- Another immersion in Ethanol at an ultrasonic bath to secure more refinement to the
surface for 5 minutes.

6- A final rinse with deionized water to ensure a high degree of cleanliness.

Substrate

N Substrate

sy

Detergent Acetone Ethanol
Ultrasonic bath

solution

Figure (11.1): Protocol for substrate cleaning.

4. Thin Film Deposition Processes

Our chosen TiO, thin film deposition technique throughout all of our experiments is the
sol-gel process, using both dip-coating and spin-coating methods. Moreover, our approaches
to dope the nitrogen atoms into the TiO, were by using nitrogen precursor in the deposition
solution, by treating the TiO, thin films with nitrogen plasma, and by coupling a GLAD
deposited TiN sub-layer with TiO; film. All the deposition techniques and doping methods

will be explored.

4.1. Preparation of the deposition solution

In this thesis, we have used a similar recipe in all of the experiments to produce the TiO,

deposition solution [79]. As the deposition solution is based on the starting solution, we used:
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v As an alkoxide (or precursor) for TiO, source, Tetraethyl-Orthotitanate ((C2Hs0)4Ti;
TEQOT) and Tetrapropyl-Orthotitanate (Ti(OC3H;)4; TPOT).

v As a catalyst: Nitric acid (HNO3).

v A (radical) solvent: Ethanol (C,HgO).

v Deionized water: to mediate polymerization reactions.

We prepared two solutions namely (A) and (B), in which solution (A) containing ethanol,
water and Nitric acid is stirred for 10 min. Then, a solution (B), which contains the alkoxide
and ethanol, is added to the solution (A), and the resulting mixture is stirred for 60 min.
Afterward, a transparent solution of yellowish color and slightly viscous is obtained and
remains stable for weeks. The quantity and concentration of the reactants used to prepare our
solutions are optimized after several tests to obtain homogeneous, transparent, thin layers

with good adhesion [79].

4.2. Spin-coating technique

The spin-coating technique is performed by placing a few drops of the deposition solution
on the center of the substrate and spinning it at high speed to spread out the solution on the
surface by centrifugal force. Spinning is maintained for a certain time until the desired
thickness of the layer is reached. This coating technique can be divided into 4 stages, which

are illustrated schematically in figure (11.2):
1) The dropping of the deposition solution.
2) Rotating the substrate.

3) The solution spreads uniformly on the surface, allowing the ejection of excess solution
in the form of droplets.

4) Evaporation of the volatile solvent and formation of the thin film.
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Figure (11.2): Schema of Spin-coating technique stages.

4.3. Dip-coating technique

The dip-coating deposition technique is performed by dipping the substrate into a beaker

filled with the deposition solution and then withdrawing the substrate; during this process, the

liquid starts to flow from it, and then the liquid drains, leaving an even film on the substrate;

these two processes must be under controlled and stable conditions to ensure the optimal

statue of the film’s surface and thickness, the principle of this technique is illustrated in figure

11.3.
Substrate
.~ holder e [l s Thin film
|| = /
Substrate ‘ 1 =
<:I‘ —>
- - o . - <:t —
900
Solution
Dipping Wet layer Solvent
formation evaporation

Figure (11.3): Schema of dip-coating technique stages.
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4.4. Plasma treatment process

The plasma treatment system is performed by using a vacuum system to evacuate a small
chamber connected to a DC power supply. Nitrogen gas is then introduced into the chamber
and polarized, causing it to ionize and become nitrogen plasma, which is composed of
positive nitrogen ions. The sample to be treated is placed in the negative slot of the power
supply system in the chamber, which facilitates the penetration of the positive ions into the

sample. The experimental setup is illustrated in figure (11.4).

|
N, plasma — A vacuum
system
P
(+
A
| Substrate

e 1

Power supply
Substrate holder
Figure (11.4): The plasma treatment system.

4.5. Magnetron sputtering technique

The magnetron sputtering technique is the most widely used in industry and scientific
research for the deposition of thin films. This technique consists of placing a solid form target
on a magnetron. Then, the sputtering chamber is evacuated and filled with an inert gas.

The application of a DC polarization between two electrodes contacted by an inert gas can
achieve an electric discharge. A plasma is created, and its ions are accelerated to the
negatively biased cathode (target). These energetic particles (ions) impinge on the target,
causing transferring of its kinetic energy to the target atoms. If the energy gained by the
target surface atoms exceeds their displacement energy, a collision cascade in the bulk of the
target may be initiated. Finally, some atoms are ejected and transported in a gas state through
the plasma until arriving at the substrate, forming a thin film. The glancing angle deposition

technique (GLAD) consists of rotating the substrate holder.
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Figure (11.5): Schema of magnetron sputtering technique system.

4.6. Thermal annealing

The role of thermal annealing is very important process. It emphasizes the following

points:

- Cause crystallization of the film.

- Harden the layer and remove residues of the precursors used in the starting solution.

- Eliminate organic groups such as alkyls (-OR-).

- Responsible for the appearance of mechanical stresses in the deposited thin film.

- Accelerates the closing of pores (this contraction is accompanied by a reduction in

volume “thickness”).

The annealing stage is the final stage for obtaining the desired material.

29



Chapter II: Experimental Procedures and Characterization Techniques

5. Characterization techniques

5.1. X-ray diffraction (XRD)

X-ray diffraction technique (XRD) is a simple, non-destructive technique used to identify
the crystal phases, determine the lattice parameters, and estimate the crystallite size of bulk
and thin films. When a beam of X-rays interacts with a material, the electrons gravitating
around the atoms begin to oscillate at the frequency of the incident beam, causing the
emission of an electromagnetic wave with a frequency identical to that of the exciting wave.
The waves from the electron clouds of the different atoms interfere destructively in most
directions in space. However, as the atoms in crystalline materials are arranged periodically,
there are certain conditions under which the waves will interfere constructively and produce

an intense beam. These conditions are given by Bragg's law:

nA = 2 dpy; sin 8 (1.1)
Where n is an integer representing the diffraction order, A is the incident X-ray wavelength,
dnri 1S the interplanar spacing of the crystal planes with Miller indices (hkl), and 8 is the
angle between the incident X-ray beam and the sample surface (see figure (11-6)). When the
X-rays are diffracted by different planes, constructive interference occurs, resulting in a peak
in the diffraction pattern; the peak’s characteristics, position, and intensity can be collected
and used to identify the crystal structure and phase of the material and calculate the lattice

parameters and crystallite size.
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Incident Beam of X-rays

e

Diffracted Beam of X-rays

Atomic planes

Figure (11.6): Representation of Bragg conditions in a crystal.

The X-ray diffraction has three main components:
e an X-ray source that generates a monochromatic beam of X-rays.
e asample holder.
e a detector to measure the intensity of the diffracted X-rays as a function of the

diffraction angle.

Detector
X-ray source

Normal to surface

Sample .
Figure (11.7): 8 = 26 configuration [8(5]\.

The XRD measurement system has two main configurations:
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- The normal 6 = 26 (Bragg-Brentano) (Figure (11.7)): This configuration is suitable
for powder samples and bulk materials; this configuration is based on the
simultaneous moving of the sample and the detector at equal opposite angles while
keeping the incidence angle constant.

- The grazing-incidence w - 28 (Seeman-Bohlin) (Figure (11.8)): This configuration is
suitable for thin films and surface layers; this configuration involves the detector

scanning the desired angular range, the X-ray source is kept fixed, while the incidence

\ Detector

angle is varied by the rotation of the detector.

Fixed X-ray source

Normal to surface

Thin film Sample

Figure (11.8): Grazing-incidence w - 26 (Seeman-Bohlin) configuration [80].

In order to identify the material, the obtained diffracted patterns from X-ray diffraction

analysis are compared with Joint Committee Power Diffraction Standards (JCPDS) data.

The used X-ray diffraction instrument in our thesis experiments is the Malvern EMPYREAN
PANalytical Diffractometer equipped with Cu-Ko X-rays tube (1.5406A).

5.2. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a widely used technique to characterize materials at
the Nano-scale level. It offers exceptional resolution and can reach the atomic level, allowing
for the visualization of atomic structures, facilitating the analysis of morphological and
mechanical properties. The main elements of an AFM are the optical detection device
consisting of a laser diode and a photodetector, the AFM lever-tip assembly, the piezoelectric
tube, and the feedback electronics. The atomic force microscope allows the topography of
any surface to be observed in different conditions: in air, under a controlled atmosphere or in

liquid. The principle of the AFM technique is schematically illustrated in figure (11.9).

32



Chapter II: Experimental Procedures and Characterization Techniques

Laser diode

N

Cantilever

Photodetector

/"T
z A
\ Sharp Tip

Controller -2.00

Feedback loop

Figure (11.9): Principle of the atomic force microscopy [80].

The operation of the atomic force microscope is based on the detection of the attractive or
repulsive forces in the range of 10°-10° N exerted between an AFM tip integrated into a
lever and the surface of a sample. The very fine tip (2-30 nm radius) is brought into contact
or held a few nanometers from the surface of the sample. When the tip approaches the
surface, a negative deflection of the cantilever appears, indicating an attractive force due to
the surface (van der Waals force). After the approach, the cantilever undergoes a jump on
contact and then a positive deflection, which indicates a repulsive force due to the mechanical
contact of the tip with the surface. The deflection of a laser visualizes the movements of the
cantilever, reflected on the rear surface of the cantilever [81, 82].

A piezoelectric transducer is used to allow scanning of the sample surface. It makes it
possible to measure the roughness of the surface, to determine their microstructures up to a
resolution close to the atomic scale (in contact mode), the AFM also makes it possible to
measure forces of the order of the piconewton (10—12 N). The force of interaction between
the atoms on the tip and those on the surface is kept constant during scanning via a feedback

loop. The feedback loop controls the tip-sample position so as to maintain this interaction
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constant at the value of the set force. Recording the movements (in the X, Y and Z directions)
of the piezoelectric tube then provides 3D topographic information of the surface. This
measurement allows us to determine the surface roughness or as often expressed as the Root

Mean Square (RMS) roughness, using the following formula [34]:

Z 2
RMS = Z Gi=Zn)*
n—1

Where Z,, is the average height value over the analyzed surface, Z; is the current height

(11.2)

value, and n is the number of measurement points.

AFM operates in different modes, such as contact mode, resonant mode (tapping), and non-
contact mode. AFM imaging was conducted in "contact” mode using an Asylum Research
MFP 3D AFM equipped with silicon nitride tips (AC240TS) with a curvature radius of
approximately 10 nm, a resonance frequency of 70 KHz, and a spring constant of 2N/m.
These measurements were carried out at the Ferhat Abbas University of Setif 1.

5.3. UV-Visible Spectroscopy

Ultraviolet-visible spectroscopy is a spectroscopy technique that involves photons whose
wavelengths are in the ultraviolet (200nm-400nm), visible (400nm-750nm), or near-infrared
(750nm-1400nm) range. UV-Visible spectroscopy is a very interesting technique for being
accurate, quick, and non-destructive and does not require any sample preparation; and can
determine the optical properties of a material. The optical absorption of a material reflects its
energy bands. A photon of energy absorbed by the material induces electronic transitions
between different states. Thus, for each photon absorbed, a transfer of energy is carried out

from the incident light beam to the absorbing medium.

This technique is commonly used quantitatively to determine the concentrations of an
absorbing species in the sample by using the Beer-Lambert law. The principle of UV-VIS
Spectroscopy declares that when a beam of monochromatic light passes through a
homogeneous medium of an absorbing substance, the rate of decrease in intensity of radiation
through an absorbing substance is directly proportional to the incident radiation intensity and

the substance concentration, the expression of Beer-Lambert law is [83]:

I[(x) = Iexp(—a d) (1.3)
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where «a represents the absorption coefficient, d is the thickness of the film, I, is the intensity
of the incident beam, and I represent the intensity of the transmitted beam.
The absorption coefficient a can be determined using the following formula:

_1, 100
4 T (%)

where T'(%) represents the transmittance, which is the quantity of transmitted light and can

(11.4)

a

be directly measured by:

I
T(%) = T x 100 (115)
0

The characterizations by UV-Visible spectrometry in transmission and reflection were
performed at LRME using JENWAY 6715UV/Vis spectrophotometer, and at LPMC using a
Perkin Elmer Lambda 950 spectrophotometer. The spectrophotometer works as follows: A
monochromator prism located between the light source and the sample allowed for the
selection and variation of the irradiation wavelength. A semi-reflecting mirror then splits the
monochromatic beam into two identical beams, with one passing through the sample and the
other serving as a reference. Two photodetectors located downstream to the sample and the
reference quantified the transmitted light intensity for each beam. The ratio between the
intensity received by the detector downstream to the sample and that received by the detector
downstream to the reference led to the optical transmission of the sample (T) and to the
optical reflection of the sample (T), The principle of the spectrophotometer is illustrated in
figure (11.10).

UV or Visible light

________________________________________

source Inputslit .
|m——————————— 1 -
| I s
| : L
TR o \) Output in:c\‘
S~ | ., ..
Detectorli t - I | Reference | / S /)
. | | A2 1
:Z\ | l I \ Monochromator
\\l<——— ————— o ) Beam splitter
| |
! Sample |

Figure (11.10): Elements of a spectrophotometer.
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In the case of transparent thin layers, the transmission was expressed as a percentage
normalized to the reference. The spectra presented in this manuscript were obtained with a
scanning speed of 1200 nm/min and an acquisition resolution of 2 nm per measurement step.
For the analysis of solutions, 2 to 3 milliliters were taken and poured into a 1 cm quartz
cuvette. The use of quartz allowed for obtaining spectra unaffected by cuvette absorption
across the entire studied spectral range. The spectra of thin layers deposited on transparent
substrates were calibrated using an empty sample holder. The acquisitions made on the thin
layers were performed in a spectral range from 200 to 1100 nm. By analyzing the
interferences obtained from the transmission spectra, it is possible to determine various

parameters including the thickness of the film, optical gap, porosity, and the refractive index.

5.4. Photoluminescence spectroscopy

Photoluminescence spectroscopy is a simple, versatile, contactless, and non-destructive
method for examining the electronic structure of materials and nanostructures. PL is
originated from the semiconductor’s absorption/emission activity between different electronic
energy levels. It happens when an electron returns from an electronic excited state to an
electronic ground state, losing its excess energy in the form of a photon in a process called
photo-excitation. The experimental setup of a PL instrument includes an emission
monochromator, a detector, and an optical excitation source (such as a laser or a xenon
lamp); the optical excitation source provides excitation photons of known energy, then these
photons are directed onto the sample by an excitation monochromator. During the excitation
process, the sample emits photons, which are collected by an emission monochromator and
directed to the detector. The spectrometer disperses these emitted photons based on their
energy, allowing their detection and analysis. A typical PL setup is illustrated in figure
(1.12).

Excitation Emission
Monochromator Monochromator

\ 4
y

—]—

Optical excitation Sample Detector
source

Figure (11.11): Schematic diagram of a Photoluminescence setup.
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The electronic and optical properties, such as bandgap energy, emission wavelength, and
radiative lifetimes can be extracted using data analysis parameters provided by PL spectra
from the emission intensity, peak position, and peak width. The PL analysis was performed
using a Perkin Elmer LS55 spectrofluorimeter equipped with a Xenon lamp.

5.5. Contact angle

The super-hydrophilic nature of the films was examined by assessing the contact angle of
water drops of a constant volume (~ 3 pL) and an electrical conductivity of & = 16 x 10®
S.cm deposited on the surface of the sample, before the photocatalytic activity tests. The
principal of angle measurement is based on the analysis of an image coming from a CCD
camera, which is a magnified and precise image of the drop without aberration. The software
Imag) can then analyze the digitized image of the drop and determine its geometric
characteristics. ImageJ software measures the contact angle 0, which is the angle between the
surface of the solid and the tangent to the surface of the liquid. Contact angle measurements
are executed under ambient atmosphere at temperature. Figure (11.12) shows the possible

different profiles of the contact angle of a water drop on the surface of a film.

A water contact angle greater than 90° specifies a hydrophobic surface whose affinity with
water is low, i.e., a surface on which water tends to be repelled. Such a surface has low
surface tension and lacks active chemical bonds to create hydrogen bonds with water. A
surface with increased hydrophobicity has a very high contact angle. Such a surface whose
contact angle is greater than 150° is commonly called super-hydrophobic. On the other hand,
a contact angle less than 90° describes a hydrophilic surface whose molecular attractions
between the surface and the water allow the drop to spread. Hydrophilic surfaces have a
strong affinity with water, allow the creation of hydrogen bonds with water, and have high

surface energy. A surface whose contact angle is less than 5° is described to be super-

hydrophilic.
.,.. . N e
0 =150° 0=90° B <90° B<5°
Superhydrophaobic » Superhydrophilic

Figure (11.12): Contact angle of a water droplet with the surface of a solid.
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5.6. Energy-dispersive X-ray spectroscopy

The quantitative analysis of the chemical composition of TiO, thin film samples was
estimated by Energy-dispersive X-ray spectrometry (EDX), which is used in conjunction with
SEM. This technique employs an incident electron beam to irradiate the studied sample. The
sample emits the secondary and backscattered electrons, which leads the atoms to be ionized
during this irradiation, leaving holes in the electron shells and making the atoms in a non-
stable state; in order for these atoms to stabilize, electrons from outer shells will be in the
inner shells, however, in order the outer shells to be at a higher energy state must some
energy be lost by the atom in the form of X-rays. These X-rays emitted from the atoms are
characteristic in wavelength and energy, allowing the measurement of the elemental
composition of the sample. The EDX analysis were conducted at the “Centre de Recherche
en Technologie des Semi-conducteurs pour I'Energétique” in Algiers using the QUATTRO S
(FEG-ESEM) scanning electron microscope equipped with a Dual EDS (60 mm?) / p-XRF

coupling.

X Photon emission

)1

N~ M Rays

K Rays

Figure (11.13): Principle of X-ray fluorescence of an ionized atom (a) and nomenclature of
different X-ray emission lines (b) [34].
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5.7. Four-probe measurement

The four-point probe technique is an electrical measurement method used to determine the
resistivity or sheet resistance of materials, especially thin films. This method involves using
four collinear probes: two outer probes for current injection and two inner probes for voltage
measurement. The probes are equally spaced on the surface of the material. Current flows
through the outer probes, while the voltage is measured between the inner probes, ensuring

minimal influence from contact resistance, as shown in figure (11.14).

I
Current ’
source

Voltmeter

«— Vy —>

— § —Pe— § —De— § —>

Material d

Figure (11.14): Four probes measurement principle.
The process involves:
» Setup:
e Current is supplied through the outer probes.

e Voltage is measured between the inner probes using an electrometer

voltmeter.
» Calculation:
e The sheet resistance (R) for thin films is calculated using:

%4
R = 4.537 (116)

Where I/ is the measured voltage and I is the supplied current.
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5.8. X-ray photoelectron spectroscopy

The most widely used surface analysis technique is X-ray Photoelectron Spectroscopy
(XPS), known as Electron Spectroscopy for Chemical Analysis (ESCA); this technique can
be applied to a wide range of materials and supply quantitative and chemical state
information from the analyzed material’s surface. The average XPS measurement depth
surface analysis is approximately 5 nm. Typically, XPS works by exciting the surface of a
studied sample using mono-energetic Al k, X-rays, causing the emission of photoelectrons
from the surface of the sample. The energy of these emitted photoelectrons is measured using
an electron energy analyzer. The intensity of a photoelectron peak and the binding energy can

determine the quantity of a detected element, elemental identity, and chemical state.

The typical analysis depth of XPS surface analysis is less than 5 nm, making it better suited
for the compositional analysis of thin microscale and ultra-thin layers sample features.

6. Photocatalytic test

6.1. Methylene blue

Methylene blue is an organic compound whose chemical formula is bis — (dimethylamino)

—3.7 phenazathionium chloride. It is marginally soluble in alcohol and soluble in water

(figure 11.15);
N
UL
H3C\N S N/CH:;

CHs Cl- CHa

Figure (11.15): Molecular structure of methylene blue [34].
It is sold in pharmacies and drugstores and used in various areas:

- It serves as a colored redox indicator: its oxidized form is blue, while reduced, it is

colorless.
- It is used as a histological stain—Methylene blue dyes tissue collagen blue.
- In medicine, it is frequently used as a marker to test the permeability of a structure (for

example, of the uterine tubes during hysterosalpingography) to specify the path of a fistula.
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- Methyl blue is sometimes used to soothe urinary infections.

- It can be used as an antiseptic in aquariums. Methylene blue is a model molecule in the
Japanese standardization test proposal for self-cleaning glasses. Some characteristics are

presented in the following table (I1.1):

Table (11.1): Characteristics of Methylene Blue.

Raw formula Molar Mass Solubility in Fusion Temperature
(g/mol) water (20 °C, (°C)
g/L)
Methylene  CigH18CISN3S, 319,85 50 190
blue xH,0

6.2. Photochemical reactor
The used photochemical reactor is designed and built in Coating, materials and

environment laboratory (LRME). It consists of an open box, a magnetic stirrer, and a beaker
that contains 32 mL of the colored solution. One sample measuring 2 cm x 3 cm is immersed
in the polluted solution and oriented so that the side on which the thin film is positioned

toward the UV lamp or the sunlight spectrum. (Figure 11.16).

( UV Light ‘
) WL -
Sample
Magnetic stirrer bar MB Dye
solution
Magnetic
Stirred —| O O

Figure (11.16): Experimental setup of the photochemical reactor.
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The irradiation system uses the solar spectrum Philips germicidal lamp (G15T8, 15W),
mainly emitting at 253 nm. The distance between the lamp and the beaker is 6.5 cm. For all
photocatalytic and dye adsorption experiments, the suspension is stirred mechanically
without any supply of air or oxygen. Under these conditions, dissolved oxygen is transferred
from the air to the surface of the reactor, which is sufficient so that there is no deficit inside

the reactor itself.

6.3. Measuring degradation kinetics
The concentration was determined by measuring the absorbance (optical density) of the

MB solution during well-defined time intervals. The Kkinetics curves were drawn by
measuring the absorption on samples of 3 mL of solution, using a pipette, every hour of
testing. The absorbance is determined by the Beer-Lambert law. Consider a monochromatic

radiation of fixed wavelength passing through a sample of thickness | cm (figure 11.17).

- Absorbent _
Monochromatic light L solution, . ]’fgr_\s_rgl_tt_eg_b_e_afn_ >
Incident intensity I, | Concentration Intensity I
C

Optical path 1
Figure (11.17): Light absorption.

Part of this radiation will be absorbed by the sample and part will be transmitted. According
to Bouguer, Lambert and Beer the relationships that exist between Iy and I; the intensity of
monochromatic light passing through a medium where it is absorbed decreases exponentially
[34]:

I = Iyexp—kIC (1.7)
Where :

I,: 1s the intensity of the incident light.
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I: is the intensity after passing through the tank containing the solution (transmitted

intensity).

L: is the distance crossed by the light (thickness of the tank) (in cm).
C: is the concentration of the solution in mol/L

k: is a characteristic constant of the solution.

This equation can be rewritten:

Iy kC (11.8)

logT =73

where logITO is called absorbance (A) and 170 = T is the transmission (%) We then obtain the

relationship known as the Beer-Lambert law:

A=—logT =¢lC (1.9)

where A the absorbance and & the molar absorption coefficient in L.mol™'.cm™.

7. Conclusion

This chapter provides a description of the different techniques used for the deposition of
TiO, thin films and N-doped TiO, thin films and of the physical and chemical
characterization techniques used in this work to determine the physical properties of the

deposited thin films.
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Chapter IlI: Nitrogen doping of TiO; films using a precursor

1. Introduction

Due to its numerous advantageous properties, TiO, material has emerged as the most
commonly utilized material in photocatalytic applications; these properties include its high
oxidizing energy, affordability, non-toxicity, stability under light irradiation, and widespread
availability [1-3]. Despite these advantageous features, TiO, has a critical limitation in
absorbing visible light because of its wide optical gap (Eq = 3.2 eV). Multiple methods have
been employed to reduce the optical gap, one of which involves incorporating nitrogen atoms
into the lattice of TiO, host materials [15-18]. Several strategies have been adopted to
incorporate nitrogen atoms into the TiO; lattice, including depositing TiO; thin films using a
sol-gel coating technigue with nitrogen-containing precursors [23]. Therefore, it is interesting
to investigate further the effect of nitrogen precursor concentration on the photocatalytic
activity of TiO, thin films.

This chapter describes the preparation of Nitrogen-doped TiO, (anatase) thin films using
the dip-coating sol-gel technique. The effect of variation of Nitrogen precursor concentration
on the TiO; thin films on the structural, optical, electrical, and chemical composition
properties, along with photocatalytic activity before and after Nitrogen introduction, was
studied.

2. Samples preparation

The N-doped TiO, solution was prepared using the procedure outlined in Chapter II.
Nitrogen atoms were introduced by adding Ammonium acetate (C,H;NO;) as the nitrogen
source to the TiO, solution and stirring until complete dissolution of ammonium acetate,
resulting in a yellow transparent sol. The concentration of N was varied at different ratios (y=
(IN3J/[Ti*]) equals 3, 8, and 12% molar ratio). Commercial glass and silicon wafer
substrates were dipped in the prepared sols and withdrawn at a constant dip-coating speed of
1 mm/s; in order to increase the films' thickness, the process was repeated four times. After
each deposition, the samples were dried for 10 minutes at 100 °C to evaporate solvents.
Finally, the obtained films were annealed at 450 °C for 1 hour in an N environment to
increase film homogeneity and crystallization. The following Flowchart (figure I11.1)

describes the complete experimental procedure of preparing N-doped TiO, films.
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10 minutes stirring each

|
Tetrapropyl-Orthotitanate + Ethanol Ethanol + Water + Nitric acid I
I

.
|
|

Mixing and vigorously stirring for one hour

TiO2 solution

Adding Ammonium acetate and mixing until full
dissolution
Dip-coating deposition

annealing at 450°C in an Nitrogen environnement
furnace for 1 hour

Formation of N-TiO2 and TiO2 thin films

Figure (I111.1): Flowchart of the experimental procedure of preparing N-doped TiO, films.

3. Characterization of the Samples

3.1. Structural properties

Figure (111.2) illustrates the XRD patterns of pure TiO, and N-doped TiO; thin films
deposited on silicon wafer substrates at different nitrogen doping concentrations. XRD
patterns show that pure TiO, and N-doped TiO, films crystallize in the anatase structure phase
only, all the diffraction 26 peaks were observed at 25.32°, 37.90°, 48.00°, 54.04°, and 62.82°
corresponding to (101), (004), (200), (105), and (204) reflections respectively, which accords
the JCPDS Card No0.21-1272[84]; This indicates the polycrystalline nature of the prepared
TiO, samples. Moreover, no additional peaks belonging to N species or its related oxides
were observed, confirming the successful dissolution of the ammonium acetate into the TiO,

solution to form (Ti,N)O, solution.
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The crystallite size, dislocation density, microstrain, and lattice parameters (a and c) are
determined based on the tetragonal structure of the TiO, anatase phase in the space group

141/amd (141).

| (101)
(004)
Wi A (200) (211)  (204) S3 (12%N-TiO,)
’VMW *JMA M Ik “ W W ! ) 2
-1/ 'M(r‘wl W»%JM W‘WWMW “ WW’&”WM*WMW A “*'M“ N»M MM MMM"MM‘VMN’"”W Wi W"AWW W“ ”“IMMW\W\”H‘NW’)\’"MMWM
2
E S2 (8%N-TiO,)
A
>
g -
3 S1 (3%N-TiO,)
= WWWWWW
: A/\'/ S0 (0%N-TiO,)
- "y g g
T T T T T T T T T T
20 30 40 50 60 70 80

20 (°)
Figure (111.2): XRD patterns of TiO, and N-TiO, thin films deposited onto silicon wafers

substrates with various N concentrations.

The crystallite size of the deposited samples is estimated using the full width at half maxima
of the peak (FWHM) of the most intense diffraction lines (see figure (I11.3)). It can be

estimated using Scherrer's formula as follows [85]:

_ 092 (1.1)
~ Bcosb

Where D represents the crystallite size (nm), A represents the wavelength of X-ray (nm), 8

stands for the full width at half maxima of the peak (FWHM) in radians and 6 is the Bragg’s
angle (rd.).
This calculation method generally gives lower values than the real values due to the defects

and internal stresses in the deposited thin films [86].
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Figure (I111.3): Crystallite size and microstrain of TiO, and N-TiO, thin films deposited onto

silicon wafers substrates with various N concentrations.

We notice two patterns of variation in the crystallite size values. In the first pattern, we notice
a decrease in the crystallite size when the nitrogen precursor concentration is 3% (S1), which
may result from replacing larger radius lead Ti ions with smaller radius N ions. In the second
pattern, we notice a considerable increase in the crystallite size when the nitrogen precursor
concentration is greater than 3% (S2 and S3 samples). The increase in the crystallite size
indicates an increase in nucleation sites caused by the rise of the deposited material. Also, to

form large grains, the tiny grains are absorbed by large grains (coalescence step) [87, 88].

The Microstrain values of the TiO, and N-TiO; thin films are calculated by using the formula
[89]:
. B (11.2)
4tanf
Where £ is the full width at half of the maximum intensity, ¢ is the uniform microstrain and 6

is the Bragg’s angle (rd.). The variation of the microstrain is illustrated in figure (111.3).

The Tetragonal system lattice parameter values can be calculated using the (hkl) parameters
and the interplanar spacing d using the following formula [90].

1 R2+k?2 12 (IN.3)

d? a? c?
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The dislocation density & can be obtained using the crystallite size D values according to the
following formula [91]:

_1 (111.4)
" D?
The experimental lattice parameters c/a ratio of Anatase TiO, and N-TiO, thin films were

0

determined using the equation 111.3. table (I11.1) shows the dislocation density and proportion
of experimental lattice parameters c/a as a function of various N concentrations. It can be
seen that the experimental lattice parameters' c/a ratio ranges between 2.5 and 2.53, which is
in agreement with the theoretical lattice parameters' c/a proportion, which equals 2.48 [92]. It
can be seen that the dislocation density decreases when increasing the nitrogen precursor
concentration except in the S1 sample (3%N-TiO, sample), indicating a simultaneous

movement of interstitial atoms from grain boundaries to crystallites.

Table (I11.1) summarizes the crystallite size, dislocation density, microstrain, and lattice
parameters (a and c) of the deposited TiO, and N-TiO, thin films.

Table (111.1): the crystallite size, dislocation density, microstrain, and lattice parameters (a
and c) of the deposited TiO, and N-TiO; thin films.

Crystallite  Microstrain  Dislocation Lattice Lattice Experimental
Samples size (nm) (%) density parameter parameter (c/a)
(10°%/nm2) a(A) c(A)
SO 16.56 0.436 3.65 3.773 9.4852 2514
S1 11.96 0.604 6.99 3.791 9.5081 2.508
S2 23.35 0.309 1.83 3.743 94777 2.532
S3 23.04 0.313 1.88 3.757 9.4875 2.525

3.2. Optical properties

3.2.1. Transmission spectra

Transmission measurements were conducted to investigate the optical properties of the
deposited TiO, and N-TiO; thin films. The TiO, transmission spectra (T) as a function of
different nitrogen precursor concentrations are displayed in figure (111.4), and it reveals that
all deposited films have a medium transmission (30%-80%) in the visible region and a broad

cut-off toward short wavelengths which correspond to the absorption edge of TiO, films. The

49



Chapter IlI: Nitrogen doping of TiO; films using a precursor

anatase TiO; thin film transmission spectrum shows interference fringes, which designate a
smooth homogenate film surface and a thickness uniformity with tiny scattering loss. It can
be observed that when nitrogen precursor concentration increases, the transmission decreases.
This decrease is attributed to the nitrogen doping causing defects in the TiO, lattice, which

leads to an increment of photon scattering and, thus, transmission reduction.
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- —— S1 (3%N-TiO2)
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. —— S3 (12%N-TiO2)
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Figure (I111.4): Transmission spectra of pure and N doped TiO; films.

3.2.2. Optical Bandgap Energy

In high-energy absorption, electronic transitions occur between wide states of band to
band. This phenomenon is commonly described by the Tauc law [93]:

(ahv)™ = A(hv — Eg) (111.5)
Where hv represents the photon energy, E, is the optical gap, m and A are constants. The
value of m characterizes the optical type of transition and can take the values 2, 1/2 (2 for
allowed direct transitions or 1/2 for allowed indirect transitions). In order to determine the
nature of the transition from the films produced in this study, we will plot the curves

(ahv)™ = f(hv). This will allow us to determine the Ejvalue [94]. The absorption edge
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correlates with the valence band’s electronic excitation at the conduction band and regulates
the direct optical band gap value. Many experimental results and calculations on the anatase
TiO, band structure assume that it has a direct band gap; however, the results of several other
papers assume that it has an indirect band gap [95]. We evaluated the optical band gap energy
of our pure and N-doped TiO, films using indirect transitions where their bandgap energies
were calculated by the extrapolation of the linear portion of the (ahv)Y? versus incident hv
photon energy curves.

Figure (111.5) show the curve of (ahv)? versus incident hv photon energy, and the
extrapolation of its linear portions, and figure (111.6) shows the obtained indirect bandgap
energies values of TiO, thin films versus different nitrogen precursor concentrations; we

notice the indirect bandgap energies values is closer to the theoretical value (3.2 eV) of the
anatase TiO,.
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|—— S1 (3%N-TiO2)
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1 1

©

=

o
1
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0.00 . . . , L :
2.0 2.5 3.0 3.5 4.0
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Figure (111.5): (ahv)Y? versus hv of TiO, thin films as a function of different nitrogen

precursor concentrations and the extrapolation of its linear portions.
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Figure (I111.6): Indirect band gap energies values of TiO, thin films as a function of different

nitrogen precursor concentrations.

It is shown that the values of the indirect optical bandgap energies of the TiO, thin films
decreased after the increase of nitrogen precursor concentration, indicating successful
nitrogen incorporation into the TiO, lattice. As expected after the nitrogen doping, the TiO,
optical bandgap decreases, confirming the various studies that have reduced the optical
bandgap energies and involved nitrogen atoms incorporation into the TiO, lattice host
materials [15-18]. The underlying hypothesis for the effect of nitrogen atoms is the
introduction of N2p energy states slightly above the valence band, narrowing the band gap
and increasing TiO,'s absorption of visible light.

3.2.3. Thickness, Refractive Index n, and Extinction Coefficient k

The thickness of the film can be determined using the Swanepoel method, which involves

utilizing the following relation [96]:

_ A1)y (111.6)
2(Mny — Any)

Where n, and n, represent the refractive index of the film for the wavelengths A; and A,,

d

respectively, and can be calculated using the following relation [97]:

n= (N+(N2+sz)%)% (11.7)
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Where s represents the refractive index of the substrate, and N can be obtained using the

following relation [97]:

_ 25(Tax — Tinin) N s?+1 (111.8)
Tmax X Tmin 2

Given that T,,,;,, is the minimum transmittance corresponding to A and T, is the maximum
transmittance within the range of T,,,;, (1) and T, (2).

The thickness of the deposited TiO, and N-TiO; thin films was estimated using the envelope
method [96] and equation (I11.6). Its variation as a function of the nitrogen precursor

concentration is depicted in table (111.2) and figure (111.7).
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Figure (111.7): Thickness values of TiO, thin films as a function of different nitrogen

precursor concentrations.

The film thickness ranges from 230 nm to 250 nm. As the nitrogen precursor concentration
increases, the thickness also slightly increases. This slight increase can be attributed to the
additional nitrogen atoms introduced during doping, as well as the increase in crystallite size,
which is confirmed by X-ray diffraction analysis. However, it's important to note that the S1
sample (3%N) is an exception; despite being doped, it has the smallest crystallite size and a

higher thickness compared to the undoped TiO, sample.
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Table (111.2): Thickness values of TiO, thin films as a function of different nitrogen

precursor concentrations.

Nitrogen precursor concentrations 0 3 8 12
in TiO; films (%)
Thickness (nm) 230.62 247.03 235.66 249.54

The refractive index n can be determined using equation Il1.7 [97], and the extinction

coefficient k can be calculated using the following formula [98]:

_a (1.9)
T 4m

The extinction coefficient and refractive index values of the pure and N-doped TiO; films

k

were determined using equations (111.8) and (111.9). Figures (111.8) and (I111.9) show the
variation of the refractive index (n) and the extinction coefficient (k) as a function of
wavelength, ranging from 375 nm to 800 nm. Both the refractive index and extinction
coefficient decrease with increasing wavelength and then stabilize around 625 nm. This
behavior is consistent with literature [99, 100]. Additionally, it can be observed that
increasing the nitrogen precursor concentration has slight effect on the refractive index,
which remains nearly constant. The refractive index values are lower than 2.5, the typical

value of the TiO, anatase phase [100].
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Figure (111.8): Variation of the refractive index (n) versus wavelength of nitrogen doped

TiO, thin films for different concentrations.
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Figure (111.9): Variation of the extinction coefficient (k) versus wavelength of nitrogen

doped TiO, thin films for different concentrations.
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3.3.Electrical properties

The average sheet resistivity of TiO, thin films as a function of different nitrogen
precursor concentrations is determined by using four-point probe electrical characterization

technique, the average sheet resistivity was calculated using the following equation:

%
R =453 (11.10)

Figure (111.10) shows the variation of average sheet resistivity with different nitrogen
precursor concentrations. As the nitrogen precursor concentration increases, there is a
noticeable decrease in average sheet resistivity. This indicates that the conductivity of the
deposited films improves with higher nitrogen concentrations. This result shows the potential

of nitrogen doping via solution processing to enhance the electrical properties of TiO, thin
films.
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Figure (111.10): Average sheet resistivity of TiO, thin films as a function of different

nitrogen precursor concentrations.

3.4. X-Ray Photoelectron Spectroscopy Analysis

The chemical composition of TiO; thin films as a function of different nitrogen precursor

concentrations is determined by X-ray photoelectron spectroscopy surface analysis (XPS);

56



Chapter IlI: Nitrogen doping of TiO; films using a precursor

Figure (111.11) shows the survey XPS spectra of the deposited TiO, film samples in the whole

binding energy region.
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Figure (111.11): XPS survey scan spectra of TiO, thin films as a function of different

nitrogen precursor concentrations.

We notice that pure and nitrogen-doped TiO, film samples exhibited the characteristic peaks
of the TiO,: a C 1s located at 291 eV bonding energy, O 1s peak located and 535 eV binding
energy assigned to O-Ti-O bonds which is reported to be the typical oxide peak in Titanium
dioxide [101, 102], and a Ti 2p1, peak a Ti 2ps peak at binding energies equals 105 eV and
466 eV, respectively, which is in agreement with the reported values for anatase TiO, [101,
103]. This shows that the Ti was in an oxidized state of Ti*" in all samples (O-Ti-O bonds of
anatase) [104, 105]. This outcome is confirmed by the binding energy distance between the
peaks of Ti 2ps, and O 1s, which was about 71 eV; this distance remained constant when
varying the Nitrogen precursor concentration in the TiO, lattice. However, in sample S3
(12%N- TiOy), all its peaks Ti 2p, O 1s, and C 1s shifted towards slightly higher binding
energies; this indicates a change in the chemical environment for the titanium when nitrogen
precursor concentration reached 12%. This shift could be attributed to many causes, such as a
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partial decrease of the titanium cations linked with the formation of oxygen vacancies in the
structure and the Titanium bonding to lower electronegative species when compared to
oxygen, such as the Ti-N bonds formation within the TiO, lattice, or a change in the
electronic affinity of the 12% nitrogen-doped TiO, film. The N 1s peak, which corresponds to
interstitial N (at 402 eV) or substitutional N (at 396-398 eV) or any Nitrogen corresponding
peaks were not detected on the surface of any nitrogen-doped TiO, sample, indicating the
hypothesis of the unsuccessful nitrogen doping into the TiO, lattice, or the nitrogen diffusion
into the TiO, film since the XPS surface analysis maximum depth detection is 5 nm.

4. Photocatalytic Activity

The effect of Nitrogen doping on the deposited TiO, film's photocatalytic performance has
been evaluated under the previously mentioned experimental conditions in Chapter II:
Section 6. Figure (111.12) displays the variation of the MB dye solution concentration
degradation D (%) under irradiation of pure and N-doped TiO, films, which was evaluated by
the following equation:

Co—C (111.11)

D(%) = X 100

0
where Cy is the initial concentration before irradiation at t = 0 min, and C is the concentration

after a certain irradiation time.
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Figure (111.12): Degradation of Methylene blue dye as a function of the UV-light exposure
time for different concentration of N-TiO, films.

The reaction rate constant of pure and Nitrogen-doped TiO, films has been determined based
on the well-known pseudo-first order reaction equation [106]:

C .
I (111.12)
Co

Figure (111.13) displays -In(C/Cy) versus time plots. The corresponding reaction rate constant
kapp Values are summarized in table 111.3.

59



Chapter IlI: Nitrogen doping of TiO; films using a precursor

= SO (0%N-TiO2)

084 e S1(3%N-TiO2) .
A S2 (8%N-TiO2)
v S3(12%N-TiO2)

0.6 1

-Ln(C/C,)
o
D
1

o
(N
1

0.0

T T T T T T T T T
0 50 100 150 200 250
Irradiation time (min)

Figure (111.13): Corresponding plots for reaction rate constant k,,,, of N-doped TiO, films.

app

It can be seen that the undoped TiO, thin film (S0) is more efficient in neutralizing MB
dye solution compared to other N-doped TiO, samples, indicating that Nitrogen doping
induces a negative influence on the photocatalytic activity of the deposited TiO, films. One
explanation for such discrepancies is the unsuccessful nitrogen doping into the TiO; lattice, as
confirmed by the XPS analysis, which showed no sign of nitrogen energy peaks. However,
this is not a definite explanation, taking into account that XPS analysis mostly analyses only
certain depths of the film’s surface. Another explanation to be worth considering is that N-
doped TiO, thin films in this experiment were deposited onto soda lime glass (SLG), as
Wanatabe et al.[107] found that when annealing, an amount of sodium (Na) atoms diffuses
into TiO, film from SLG during the deposition process. As a result, electron-hole
recombination centers are formed. Moreover, the oxygen vacancy can be occupied by the
presence of a Na atom with a single electron in its outer shell created by N* doping (positive
charge deficiency when replacing Ti**) which can induce the electron-hole recombination
centers, hence inducing a drastic decrease in the photocatalytic degradation rate of MB dye as

shown by the photocatalytic results.
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Table (111.3): Corresponding reaction rate constant values k,,, of N-doped TiO films.

Nitrogen precursor concentrations 0 3 8 12
in TiO; films (%)
Kapp (10° min™) 3.34 2.07 2.4 1.75

5. Conclusion

In this chapter, transparent TiO, thin films doped with different percentages of N precursor
were successfully prepared and investigated using the dip-coating sol-gel process. X-ray
diffraction analysis confirmed the TiO, anatase phase, with an increase in crystallite size as
nitrogen precursor concentration increased. UV-visible analysis indicated a decrease in band
gap energy with increasing nitrogen precursor concentration. Moreover, increasing nitrogen
precursor concentration contributed to enhancing the electrical properties. Furthermore, XPS
surface analysis revealed no signs of nitrogen corresponding peaks, indicating the
unsuccessful nitrogen incorporation in the TiO, lattice. Also, we found that increasing
nitrogen precursor concentration has a negative effect on photocatalytic activity, which is
attributed to the use of a soda lime glass substrate, causing Na ions to diffuse to the deposited
film, in light of these results, further additional experimental approaches are required to

address this deficiency, in which we will explore in the next chapters.
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Chapter IV: Nz Plasma Treatment Effects on TiO; Films

1. Introduction

In the previous chapter, we tried doping nitrogen atoms into the TiO, lattice by using a
nitrogen source precursor in the TiO, solution, however we did not get the expected results,
as shown by the XPS surface analysis, and by the drastic reduction in the photocatalytic
activity. In this chapter, we tried a different approach to introduce the nitrogen atoms into the
TiO, lattice, TiO; thin films were elaborated by the sol-gel spin-coating technique, then
subjected to N3 plasma to modify the film’s surface and to introduce nitrogen atoms into the
TiO, films. The structural, morphological, optical, photoluminescence, contact angle, and
electrical properties of TiO, as a function of the nitrogen plasma treatment pressure were
examined. The effect of nitrogen gas pressure on the methylene blue's visible light

photocatalytic degradation was also investigated.

2. Samples preparation

The process of preparing the TiO, deposition solution, is mentioned in details in Chapter
Il. The TiO, thin film deposition was accomplished using spin-coating; the spinning speed
was around 3000 rpm for 30 seconds. Subsequently, the deposited samples were heated at
100 °C for a few minutes to remove residual organic materials and remnant solvents. Finally,
the deposited films were annealed at 450 °C for 1 hour to improve the film’s homogeneity

and crystallization.

The deposited TiO, thin films were treated with N, plasma at three different conditions of gas
pressures. A vacuum System ensures a based pressure of 2.10° mbar by evacuating the
treatment chamber. The N, gas was introduced into the treatment chamber by corresponding
working pressures P1=1.2x10° mbar, P2=1.9x10° mbar, and P3=2.5x107 mbar. The
discharge’s power density was fixed at 6 W/em?, and the treatment took 30 minutes. The

complete protocol describing the experimental procedure is in figure (IV.1)
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Spin-coating deposition Clean substrates ]

annealing at 450°C in an air furnace for 1 hour
Formation of TiO2 thin films Nitrogen plasma treatment J

Formation of N2 plasma treated TiO2 thin films

Figure (IV.1): Flowchart of the experimental procedure of preparing TiO, thin film and N;
plasma-treated TiO; films.

3. Characterization of the Samples

3.1. Structural properties

Figure (IV.2) shows the X-ray diffraction patterns of the deposited pure TiO, and TiO,
treated with N, plasma thin films at different working pressures. Multiple reflections,
corresponding to (101), (004), (200), (105) and (211) planes are identified at 26=25.6°, 38.3°,
48.8° 54.9° and 62.5°, respectively; which accords the standard reference code (01-021-1272)
PDF database, which assigns the films to the TiO, anatase phase in tetragonal structure,
certifies of the formation of polycrystalline films. The TiO, anatase phase in a tetragonal
structure is known to have high photocatalytic activity and is widely used in various
applications [108].

The crystallite size, microstrain, dislocation density, and lattice parameters (a and c) are
calculated based on the tetragonal structure space group 141/amd (141) of the TiO, anatase

phase.
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Figure (1V.2): X-ray diffraction patterns of TiO, thin films as a function of various N, gas

flows.

The crystallite size and the microstrain values were estimated using the Scherrer formula
(equations (111.1) and (I11.2)). Figure (IV.3) displays the variation of the crystallite size and
microstrain of pure TiO; thin film and N plasma-treated TiO, films as a function of various

N> gas flows.
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Figure (IV.3): Crystallite size and Microstrain values of TiO; thin films as a function of

various N gas flows.

We notice that when nitrogen working pressure is increased, the intensity and width of the
XRD lines increase, indicating a reduction in the crystallite size and an increase in the
microstrain. As for the P3 sample (20 sccm N; gas flow), the crystallite size decreases from
19 nm to 10 nm; on the other hand, the microstrain increases from 0.78% to 0.89%.

The experimental lattice parameters c/a ratio and the dislocation density of pure TiO, thin
film and N, plasma-treated TiO; films were calculated using the equations (111.3) and (111.4).
Table (1V.1) shows the dislocation density and the ratio of experimental lattice parameters c/a
as a function of various N, gas flows. The lattice parameters (reported in table 1V.1) showed
a slight impact from the N, plasma treatment, and the experimental c/a ratio decreased from
2.53 to 2.51, which accords with the theoretical value of 2.48 [92]. The shift of the (101)
diffraction line at a lower angle after the N, plasma treatment and the increase of dislocation
density can be attributed to the relaxation of the residual stress induced by the nitrogen ions’
bombardment of the films and their incorporation into the TiO, structure. The reduction in
crystallite size and the increase in microstrain may impact the transport and recombination of

charge carriers, which are essential factors in the photocatalytic activity. Additionally, the
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changes in lattice parameters may affect the band gap energy, which is a critical factor in the

photocatalytic activity of TiO,.

Table (1V.1): Structural parameters of pure TiO, and N, plasma-treated TiO, thin films.

Samples Lattice ¢ Crystallite Microstrain Dislocation
parameters a size (nm) (%) density
(A) (nm?)
PO a=3.697 — 2.53 19 0.797 0.002
c=9.384
P1 a=3.753 — 2.50 9 0.765 0.012
— €¢=9.384
P2 a=3.718 — 2.51 8 0.335 0.015
— ¢=9.360
P3 a=3.718 — 2.51 10 0.886 0.010
— €¢=9.360

3.2. Morphological properties

To investigate the surface roughness and morphology of pure TiO, and N, plasma-treated
TiO, films, we used atomic force microscopy (AFM). An AFM two-dimensional image of
the deposited TiO, samples was recorded, and it is shown in figure (IV.4). We used
Gwyddion software [109] in order to quantitatively characterize the surface roughness of pure
TiO, thin film and N, plasma-treated TiO, films, the output data are presented in table (1V.2).
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Figure (IV.4): AFM images of pure TiO; thin film (a) and N, plasma-treated TiO; films
at different nitrogen gas flows, P1 (b), P2 (c) and P3 (d).

All the surfaces of pure TiO, thin film and N plasma-treated TiO, films exhibited a smooth
profile, with a root mean square (RMS) less than 4 nm. It can be observed from the AFM
images that the N, plasma treatment has a substantial effect on the surface morphology of the
TiO, samples. The AFM image analysis results showed that the TiO, film treated with low
and high nitrogen gas flows (P1=10 sccm and P3=20 sccm) revealed a surface roughness of
about 4 nm. In contrast, the P2 (15 sccm N, gas flow) sample showed the lowest roughness at
around 1 nm.

The skewness values exhibited a notable difference. The pure film, PO, showed a positive
skewness of 0.68, while the N, plasma-treated films (P1, P2, and P3) exhibited much higher
positive skewness values, designating the presence of multiple peaks on the surface.
Additionally, the kurtosis values revealed a significant increase when the N, plasma
treatment occurred. The P2 sample has the highest kurtosis of about 110, followed by the P3
sample at about 37 and the P1 sample at 61.
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On the other hand, the pure film PO has a kurtosis value of 0.423, indicating a significantly
smoother surface. The distinct nanostructure of the films, together with their roughness, may
result in light scattering and modification of the surface wettability. As a result, these factors
could affect the films' photocatalytic degradation properties by providing more catalytically

active sites on the surface.

Table (1V.2): RMS, kurtosis, and skew values of TiO, thin films as a function of various N,

gas flows.
Samples RMS (nm) Kurtosis Skew
PO 2 0.42 0.68
P1 4 60 6.88
P2 1 110 6.22
P3 4 37 4.93

3.3. Optical properties

3.3.1. Transmission and Reflection spectra

Figure (IV.5) illustrates the UV-visible transmission and reflection spectra of the
deposited TiO; thin film and TiO, treated by N, plasma thin films. On all the spectra, two
regions can be seen, a region of transparency and a region of strong absorption. In the
transparency region the spectra have interference fringes due to various reflections between
the film/air and film/substrate interfaces. These interferences fringes are linked to the

thickness and the refractive index of the films.
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Figure (1V.5): UV-visible transmission and reflectance spectra of pure TiO; and N plasma-
treated TiO, thin films with a wavelength of 300-1100 nm.

We notice when the nitrogen flow reaches 20 sccm, the transmission of the sample decreases
to 79% and the interferences fringes shift towards higher wavelengths. This shift mostly due
to the incorporation of nitrogen atoms into the TiO, material, caused by the nitrogen’
penetration into the films during the N, plasma treatment. The second region of strong
absorption is observed at wavelengths below about 370 nm. In this region, the interference
fringes vanishes and the transmission drops, this outcome can be attributed to various factors.
One of them, the spacing between the grating lines becomes comparable to the wavelength of
light, and making diffraction occurs in multiple directions. This leads to interference patterns
becoming more complicated and eventually disappearing altogether. Additionally, the
material of the grating may begin to absorb some of the light, leading to a decrease in
transmission.

The thickness of the deposited pure TiO, and N, plasma-treated TiO, thin films were
estimated using the envelope method and equations (111.6). The thickness variations as a

function of the nitrogen gas flow are depicted in figure (IV.6).
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Figure (IV.6): Thickness values of TiO, thin films as a function of various N, gas flows.

We notice that N, plasma treatment caused an increase in the thickness of the films, likely

due to the incorporation of additional nitrogen atoms during the plasma treatment.

3.3.2. Optical Bandgap Energy

The Tauc plot was utilized to determine the indirect band gap of the TiO, samples [110,
111]. The details of how to determine the band gap energy is mentioned in the previous
chapter. Figure (IV.7) shows the band gap energy values of pure TiO, and N, plasma-treated
TiO, thin films.
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Figure (1V.7): Determining band gap of pure TiO, and N plasma-treated TiO, thin

films.

As can be seen, increasing the nitrogen gas flow reduces the band gap energy values from
approximately 3.4 to 3.2 eV. This reduction in band gap energy could be attributed to

incorporating nitrogen atoms into the TiO; film.
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Figure (1V.8): Gap energy as a function of the nitrogen flow
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3.3.3. Refractive Index n and Extinction Coefficient k

The variation of the refractive index (n) and that of the extinction coefficient (k) as a
function of the wavelength of all the TiO, sample films are presented in figure (1\VV.9) and
figure (1V.10).
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Figure (1V.9): Variation of the refractive index (n) versus wavelength of pure TiO, and

N, plasma-treated TiO thin films.
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Figure (1V.10): Variation of the extinction coefficient (k) versus wavelength of pure

TiO, and N, plasma-treated TiO, thin films.
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Above 500 nm, the refractive index values become constant, and as we can see the N, plasma
treatment did not affect the refractive index as it ranges between 1.96 and 1.97 (practically
constant). The extinction coefficient did not exceed 0.1 in the transparency region this is
attributed to the surface homogeneity of the deposited TiO, films, However, no significant

effect by the N, plasma treatment on the extinction coefficient were observed.

3.4. Photoluminescence properties

The emission spectra of the pure TiO; thin film and the N, plasma-treated TiO; thin films
are shown in figure (IV.11). These Photoluminescence spectra were captured at room
temperature using an excitation wavelength of 290 nm [112], which corresponds to a photon
energy of 4.27 eV, this value exceeds the band gap energy of the investigated TiO, films, as
reported in literature [113]; This excitation results in the observation of emission in both the

Ultra-violet and visible regions.
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Figure (1V.11): Photoluminescence spectra of pure TiO, thin film and N, plasma-treated
TiO; films.

Excited peaks in the spectra were seen at 403, 485, 528, and 798 nm, indicating multiple
emission sources. Mainly, a high photoluminescence (PL) band is observed at 403 nm (3.08
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eV) for the pure TiO; film (P0). This emission can be assigned to the indirect band-to-band
recombination across the bandgap energy of the anatase TiO, thin films [114]. Additionally, a
shift toward a higher wavelength (lower energy) was seen for the plasma-treated TiO, films
(P1, P2, and P3), which is in agreement with the reduction in the optical band gap energy
previously found by the optical measurements (figure (1V.8)). Furthermore, the three other
observed peaks at 485 nm (2.55 eV), 528 nm (2.35 eV), and 798 nm (1.55 eV), corresponding
to all the TiO, samples PO, P1, P2, and P3, these visible emissions are due to the movement
of electrons from the defect states to the valence band of TiO, along with trapped holes [115],
providing an emission in the visible region; Furthermore, the emission region at 480 nm is
associated with an indirect recombination process involving defects [115].

The photoluminescence (PL) emission intensity in both the Ultraviolet and visible regions is
more vital for the P3 TiO, sample, indicating an improved crystallization and increased
crystallite size in the film. In contrast, the intensity is relatively lower for the TiO, untreated
sample, suggesting that the lifetimes of excited electrons and holes within the TiO; film were
greatly enhanced, potentially contributing to decomposition reactions with organics until the
electrons and holes recombined [116]. This proposes a relationship between the
photoluminescence emission intensity and the crystalline structure of the TiO; film, casting
light on the potential applications of plasma treatment for improving the properties of thin

films.

3.5. Electrical properties

To explore the effect of N, plasma treatment on the electrical properties of the TiO, thin
films, we measured the average sheet resistivity values using four-probe measurements.
Figure (1V.12) displays the variation of the average sheet resistivity versus nitrogen gas flow.
We notice a decrease in average sheet resistivity values when nitrogen gas flow increases
during plasma treatment. Specifically, the resistivity values decreased from 35 to 17 Q.m,

indicating an improved conductivity.
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Figure (1V.12): Average sheet resistivity of TiO; thin films as a function of various N, gas

flows.

This decrease in resistivity values can be attributed to incorporating nitrogen atoms into the
TiO, films, which reduces the optical gap and enhances the conductivity. These results show
the potential of N, plasma treatment as a technique for modifying the electrical properties of
TiO, thin films.

3.6. Contact Angle

Contact angle measurements were performed on the pure TiO; films and the N, plasma-
treated TiO, films to determine the effect of plasma treatment on the surface properties of

TiO, thin films. The contact angle values were calculated using ImagJ software.
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Figure (IV.13): Contact angle measurements of pure and N, plasma-treated TiO, thin

films.

Figure (1V.13) illustrates the results of the contact angle measurements; the obtained data
indicate that all TiO, samples exhibited hydrophilic properties, as indicated by the contact
angles being lower than 90°. This is attributed to the high cohesive force between the water
drop and the TiO; film surface [42]. The results presented in this study showed that the pure
TiO, film has a more cohesive water drop shape when compared to the N, plasma-treated
TiO, sample films. Consequently, the N, plasma-treated films were less wettable, as
indicated by the higher contact angle of the N, plasma-treated TiO; films than the pure TiO,

film.
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4. Photocatalytic Activity

To determine the effect of N, plasma treatment on the photocatalytic activity of TiO,
films, we studied the degradation of a methylene blue (MB) dye solution under visible light
irradiation (figure 1V.14). The photocatalytic activity measurement details were mentioned in

the previous two chapters.
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Figure (1V.14): Degradation of Methylene blue dye as a function of the Visible-light
exposure time of pure TiO, thin film and N, plasma-treated TiO films.
Throughout the irradiation period, we observed continuous decomposition of the MB solution
for the pure and the N, plasma-treated TiO, thin films. Nevertheless, there is a slight
improvement in the photodegradation of the MB dye solution for the N, plasma-treated TiO;
films compared to the pure TiO; film. This shows that the N, plasma treatment affects the
TiO, film, either by the incorporation of nitrogen atoms into the TiO, films or by
modification of the surface morphology as confirmed by the AFM scans and the decrease of

crystallite size and rises of boundary grain as confirmed by XRD analysis.

However, nitrogen atoms in the TiO; structure can cause a reaction between the nitrogen and
the oxygen molecules, formatting nitric oxide (NO). The generation of NO arises when the

excited electrons, produced by the absorption of photons from the TiO, valence band, migrate
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to the nitrogen dopants and subsequently transfer to oxygen molecules, leading to NO
formation. Since NO is a reactive molecule, it can compete with other ROS, such as hydroxyl
radicals (OHe), in reacting with organic pollutants. This competition can reduce ROS
concentration and decrease the overall rate of pollutant degradation [117]. The photocatalytic

reaction rate constant (k,,,) Was determined through the pseudo-first order reaction equation
(equation (111.12) [118]. The obtained ln% plots and kg, values for pure TiO, thin film and
N, plasma-treated TiO, films are displayed in figure (I\VV.15). It can be seen that the highest
rate constant efficiency (kg,,) is observed for TiO, sample P3 (20sccm) (k,p,, =0.00433
minY), to neutralize the MB dye solution compared to the other TiO, samples PO(Osccm)
(kqpp =0.00413 min %), P1(10sccm) (kqpp =0.00416 mint), and P2(15sccm) (kqpp =0.00423

min%).
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Figure (1V.15): Corresponding plots for reaction rate constant k,,, for pure TiO thin

film and N, plasma-treated TiO, films.
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5. Conclusion

This chapter investigated the effects of surface N, plasma treatment on the TiO, thin films
prepared via the spin-coating sol-gel technique. X-ray diffraction analysis confirmed the
anatase phase of TiO, films, and crystallite size decreased as the nitrogen gas pressure
increased. The AFM scans showed significant changes in the surface topography after the N,
plasma treatment. Additionally, UV-visible analysis revealed a decrease in the band gap
energy when increasing the nitrogen plasma pressure. Moreover, the nitrogen plasma
treatment improved the photoluminescence properties of the titanium dioxide thin films.
Furthermore, contact angle measurements revealed a less wettable surface formation on the
nitrogen plasma-treated films, suggesting alterations in surface characteristics as confirmed
by AFM scan images. However, despite these variations, only a slight enhancement in the
photocatalytic activity of the TiO, films was observed when subjecting nitrogen plasma
treatment, to address this resulted limitation caused by the formation of nitric oxide NO on
the surface of the TiO, film, an alternative experimental approach is required to introduce
nitrogen atoms into the TiO; lattice avoiding the surface treatment. In order to do that we
suggest to do it inside the film by coupling TiN layer with TiO, layers, a concept we will

explore in the next chapter.
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Chapter V: Impact of Glancing Angle Sputter Deposited TiN Thin Film on TiO:z Layers

1. Introduction

In the previous chapter, the photocatalytic activity results showed the low efficiency of the
N, plasma treatment in introducing the nitrogen atoms into the TiO; lattice due to the
formation of nitric oxides NO on the surface of the TiO; film. To address this concern in this
chapter, we adopted a novel organization of bilayer TiN/TiO; thin films created by mixing
two techniques, Sol-gel and DC reactive magnetron sputtering, in order to modify the surface
morphology and incorporation of nitrogen atoms into the TiO, thin film lattice. The impact of
the TiN layer on the physical properties and photocatalytic activity of TiO, films has been
studied.

2. Samples preparation

The protocol for preparing the TiO, deposition solution was outlined in Chapter Il. The
TiO, thin film deposition was carried out using a dip-coating technique with a withdrawal
speed adjusted at one mm/s, and the dipping number was 3 to control thickness. As for the
preparation of the TiN/TiO; bilayer film, Firstly, we deposited the TiN layer using the D.C
reactive magnetron sputtering technique on both commercial glass slides and silicon wafers
inclined at tilt angle 0=45° in function of the surface normal of the target. The power density
on the titanium target was adjusted at 6 W.cm™. The power generator polarized the substrate
port to achieve a polarization of -20 V. The inert gas (Ar) and the reactive gas (N2) were
brought into the chamber. The total working pressure was adjusted at P = 2 Pa, corresponding
to 12 sccm of Ar and 3 sccm of Ny. The deposition was carried out at room temperature and
took 5 minutes. After the TiN coating is deposited on the substrate, we deposited the TiO,
layer above it by the dip-coating sol-gel processing (see figure (V.1)) ; the prepared
monolayer TiO, and bilayer TiN/TiO, films were then annealed in an air furnace for 1 h at
450 °C to increase crystallization and obtain the anatase phase of TiO, material. The
complete protocol of the experiments is illustrated in figure (V.2).

) el T

<«— Substrate —»

TiN/TiO; bilayer film TiO, monolayer film
Figure (V.1): Description of monolayer TiO; and bilayer TiN/TiO; films.
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Figure (V.2): Flowchart of the experimental procedure of preparing monolayer TiO, and
bilayer TiN/TiO, films.

3. Characterization of the Samples

3.1. Structural properties

Grazing Incidence XRD patterns of the TiN, the monolayer TiO,, and the bilayer
TIN/TiO; films are displayed in figure (V.3); the spotted diffraction peaks of TiN thin film
were indexed to the phase cubic (Na-Cl type) structure of TiN associated with JCPDS card
No. (38-1420). The TiN reflection peaks were observed at 20 angles values of 36.6°, 42.56°,
61.73°, 74.03°, and 79.7°, which are assigned to (111), (200), (220), (311), and (222) plan
reflection, respectively. For the monolayer TiO, and the bilayer TiN/TiO, films, only
diffraction peaks of the anatase phase of TiO, were spotted, which is confirmed by the
JCPDS card No. (21-1272). The TiO, diffraction peaks were indexed at diffraction angles 20
values of 25.4°, 38.04°, 48.19°, 54.42°, 55.65°, 62.86°, and 75.29° which are assigned to
(101), (004), (200), (105), (211), (204), and (215) reflections, respectively. We note that
relatively sharp diffraction peaks of TiO, anatase grown on the TiN sub-layer compared to
those deposited on soda lime glass, which means a decrease in the crystallite size. We notice
no additional diffraction peaks corresponding to the nitrogen species in the bilayer TiN/TiO;

film coating, which may be attributed to the low sub-layer thickness of TiN compared to the
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TiO, film. The lattice parameters (a and c), the crystallite size, dislocation density, and
microstrain values are evaluated based on the tetragonal structure of the TiO, anatase phase in

the space group 141/amd (141) and it is shown in table (V.1).
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Figure (V.3): X-ray diffraction patterns of TiN, monolayer TiO, and bilayer TiN/TiO; films
deposited on a soda-lime glass substrate [119].
As shown in table (V.1) the crystallite size decreases when depositing TiO, film on a TiN
layer this outcome supports the discussion above, we notice that the calculated experimental
c/a ratio of both monolayer TiO, and bilayer TiN/TiO; films in agreement with the theoretical
c/a ratio of the anatase TiO, (2.48).
Table (V.1): Structural parameters of monolayer TiO, and bilayer TiN/TiO, films.

Samples Crystallite Microstrain Dislocation Lattice cla
size (Nm) (%) density parameters
(10°%/nm2) (A)
Monolayer TiO, 16.56 0.462 3.65 a=3.7728 2.514
film €=9.4852
Bilayer TiN/TiO; 16.33 0.610 3.75 a=3.77632 2.508
film c=9.471
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3.2. Morphological properties

The Atomic Force Microscope is used to analyze the surface topography and the
roughness of the monolayer TiO,, TiN and bilayer TiN/TiO, films. Accordingly, 2D (two
dimensional) AFM images of the monolayer TiO,, TiN and bilayer TiN/TiO, films are
displayed in figure (V.4). The monolayer TiO, surface exhibits a smooth profile, with a root
mean square (RMS= 1 nm) determined from the height image. The average roughness of TiN
and bilayer TiN/TiO, films were 3 and 2 nm, respectively. Both films showed a
homogeneous arrangement of grains. Meanwhile, its size increases with the elongated shape
of the bilayer TiN/TiO; film in the range of 50-100 nm. The height images show that the
surface topography of the TiO, film strongly depends on the morphological surface of the
TiN sub-layer. Also, it can be seen that the surface skewness of the bilayer TiN/TiO; film is
positive, which indicates the presence of numerous bumps when compared to the monolayer
TiO, film. On the other hand, the surface kurtosis of the bilayer TiN/TiO, film is higher than
that of the monolayer TiO, film, revealing its surface's peakedness [106]. This typical
nanostructure of the bilayer TiN/TiO, film can directly influence its photocatalytic activity
properties because it should positively affect the surface wettability.

(b)
6 nm
20 nm
15 nm
4 nm
10 nm
‘;" S AL e 5nm
N "'I.,_‘ "\'.’..“7"‘—‘:—.-
LA et a00.nm 0 0

Figure (V.4): AFM images of (a) monolayer TiO,, (b) TiN and (c) bilayer TiN/TiO; films
[119].

3.3. Optical properties

3.3.1. Transmission spectra

Figure (V.5) shows the optical transmittance of TiN, monolayer TiO,, and bilayer
TiN/TiO, thin films. The monolayer TiO, film showed high transmission at longer
wavelengths with interference oscillations, with a sharp fall of transmittance around A = 325
nm toward smaller wavelengths. These interference oscillations are attributed to a good
homogeneity of the films’ thickness [120]. For the TiN film, we observe a lower transmission
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than the monolayer TiO, and the bilayer TiN/TiO; thin films in the visible range; the high
transmittance of the TiN/TiO; film compared to the sole TiN film at A = 362 nm can be
allocated to the annealing of films at 450 °C. The transmission spectra of the bilayer
TIN/TiO, film differ significantly from the monolayer TiO, film and showed a lower
transmission at UV- and visible wavelengths. We observe a marked shift from the monolayer
TiO, film to the visible range with the bilayer TIN/TiO, films.
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Figure (V.5): Transmittance spectra of TiN, monolayer TiO; and bilayer TiN/TiO; films
deposited on a soda-lime glass substrate [119].

3.3.2. Optical Bandgap Energy

Semiconductor materials present direct or indirect bandgap energy, which their crystal
structures can determine. Tauc suggests that crystalline materials tend to possess a direct
bandgap energy, while non-crystalline materials often have an indirect transition nature.
Sometimes, when the material exhibits a partial crystallinity or two phases, both transitions
can co-exist [121, 122]. It is known that the TiO, thin films exhibits an indirect band gap,
while the TiN thin films exhibits a direct band gap [123]. According to the limitation of
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estimation of the band gap energy of semiconductors by the Tauc method [124], the optical
properties of the films, TiN - TiN/TiO, with direct band gap and TiO;, - TiN/TiO, with
indirect band gap were determined using the Tauc method and equation [125] (Chapter III
equation 5) then compared to the TiO; film’s band gap. (see figures (V.6) and (V.7)).
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Figure (V.6): Tauc plot of monolayer TiO,, bilayer TiN/TiO; films indirect band gaps [119].
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Figure (V.7): Tauc plot of TiN and bilayer TiN/TiO, films direct band gaps [119].

The monolayer TiO, film showed a band gap of E; = 3.45 eV, which accords with the
experimental values reported in the literature for TiO, [126, 127]. The TiN film showed two
band gaps, Eq1 = 3.74 eV and Eg = 2.73 eV, corresponding to stoichiometric TiN (see figure
(V.7)). The primary distinguishing characteristic of stoichiometric TiN film is around 2.33
eV, which is associated with the electronic charge transfer between the Ti 3p and N 2s energy
states. Using first-principal calculation [42], the TiN film band gap was ~2.68 eV. The
observed value of Eq; = 3.74 eV can be attributed to TiNy, as found by Kavitha et al. [128]
and Kiran et al.[129] for TiNx (0.4\x\0.5). The bilayer TiN/TiO, film exhibited two band gaps
related to the TiNy because of the high absorption of TiN compared to TiO,. The shift of
these two band gap energies from Eg; = 3.74 eV and Eg = 2.73 eV in the case of solo TiN
film to Eq; = 3.37 eV and Eg = 2.63 eV in the case of TiN/TiO; can be allocated to the
annealing temperature (T=450 °C) of bilayer TiN/TiO, film which excited the N atoms to
move to TiO, layer and change the stoichiometric of TiN.

The bilayer TiN/TiO, film exhibited a band gap energy lower than the TiO, film, showing
energy close to Eg = 2.9 eV. This reduction in the band gap energy may be due to the
formation of an N-doped TiO, layer, which resulted from the interface between the TiN layer
and the TiO, layer; N-doped TiO, has shown the potential to shift the absorption of TiO,
from the Ultraviolet range to the visible range.

88



Chapter V: Impact of Glancing Angle Sputter Deposited TiN Thin Film on TiO:z Layers

3.3.3. Thickness, Refractive Index n, and Extinction Coefficient k

The thickness of the TiN film was estimated using the average deposition rate of 5 nm/min
determined from the cross-section images and the deposition time based on the work of
Bouaouina et al. [130]. The deposition time was 5 minutes, resulting in a low thickness of 25
nm of the TiN film.

The envelope method was adopted to estimate the monolayer TiO, and the bilayer TiN/TiO,
films’ thickness along with some optical parameters [96] and equation (I11.6). table (V.2)
shows the obtained thickness values of the monolayer TiO,, TiN and bilayer TiN/TiO, films.
The estimation of the cross-section images of TiN film accords the obtained thickness of the
bilayer TiN/TiO, film, since adding the thickness of TiN film to the thickness of the
monolayer TiO, film approximately equals the thickness of the bilayer TiN/TiO, film.

Table (V.2) Estimated thickness values of monolayer TiO,, TiN, and the bilayer TiN/TiO,

films.

Samples Monolayer TiN film TiO; film Bilayer TiN/TiO; film

Thickness (nm) 25 222 15 255.5 +5

The variation of the refractive index (n) and the extinction coefficient (k) of the monolayer
TiO, and the bilayer TiN/TiO, films were determined by using equation (I11.7) [97] and
equation (111.9) [98]. The results are presented in figures (V.8) and (V.9).
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Figure (V.8): Variation of the refractive index (n) of monolayer TiO,, and the bilayer
TiN/TiO; films.

As can be observed, the bilayer TiN/TiO, film marks higher refractive index values than the
refractive index values of monolayer TiO, films; above 800 nm, the refractive index ranges in
1.962 for monolayer TiO; film, and in 2.12 for the bilayer TiN/TiO, film.
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Figure (V.9): Variation of the extinction coefficient (k) of monolayer TiO,, and the bilayer
TiN/TiO; films.

We notice that the extinction coefficient does not exceed 0.1 in the transparency region for
monolayer TiO, film, revealing its surface homogeneity. Conversely, the contrary for the
bilayer TiN/TiO, film indicates its minor surface homogeneity and higher porosity.

3.4. Photoluminescence properties

The Photoluminescence emission spectra of the monolayer TiO, and the bilayer TiN/TiO,
films are shown in figure (V.10). Photoluminescence spectra of the monolayer TiO, and
bilayer TiN/TiO, films were recorded at room temperature with an excitation wavelength of
290 nm, corresponding to a photon energy of 4.27 eV, higher than the band gap energy of the
investigated films, as reported elsewhere [113]. Emissions in both Ultraviolet and visible
regions promote PL spectra. As shown in figure (V.10), we notice a very low intensity of the
bilayer TiN/TiO, film compared to the monolayer TiO, films, which is attributed to the low

transmission of the sample as shown by the transmission spectra.
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Figure (V.10): Photoluminescence (PL) spectra of the monolayer TiO, and the bilayer
TiN/TiO; films.

As can be observed for the monolayer TiO, film, a strong PL band is detected at ~420 nm
(2.95 eV), which can be attributed to the intrinsic emission of the anatase phase TiO, thin
films. Another three peaks located at 484 nm (2.56 eV), 527 nm (2.37 eV), and 805 nm (1.54
eV) were also observed. These observed visible emissions are due to the intrinsic defect
states within the crystal. Moreover, as for the bilayer TiN/TiO; film, a PL band is detected at
~420 nm (2.95 eV), not the higher peak like in the monolayer TiO, film, which is associated
with an indirect recombination process involving defects [115]. Two higher peaks were also
spotted at 484 nm (2.56 eV) and 527 nm (2.37 eV) were also seen which were caused by the
intrinsic defect states within the crystal; we also noticed the disappearance of 805 nm (1.54
eV) peak when depositing TiO; layer on the TiN layer. This variation in the intensity after
depositing the TiO, layer above the TiN layer is linked to a reduction in the optical band gap,

and defects increase as the film’s thickness increases.
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3.5. Electrical properties

Electrical measurements using the four-probe method were conducted for the monolayer
TiO, and the bilayer TiN/TiO, films. The average sheet resistivity of the samples was
determined using the formula (11.6), and the results are shown in figure (V.11).
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Figure (V.11): Average sheet resistivity of the monolayer TiO, and the bilayer TiN/TiO,

films.

The average sheet resistivity of the bilayer TiN/TiO, film is much lower than that of the
monolayer TiO, film. This fall of resistivity is attributed to the enhancement of the
conductivity of the bilayer TiN/TiO, film due to the TiN layer and the rise of the nitrogen
atom percentage in the film, contributing in the improvement of the electrical properties of
the deposited film, showing the potential of coupling the TiN layer in modifying in the
electrical properties.

3.6. Energy Dispersive X-ray Spectroscopy

Figure (V.12) shows EDX spectra for both the monolayer TiO, and the bilayer TiN/TiO,
films we notice the existence of high content of Ti and O in the TiO, lattice for both samples
with the existence of nitrogen content for the bilayer TiN/TiO, film sample due to the TiN

layer, the high peak of Si atoms is due to the type of the substrate and the existence of C
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atoms is due to the TiO, solution which was made using alcohol (contains a high percentage
of carbon). The quantitative analysis and the atomic percentage of the compositional
elements of the monolayer TiO, and the bilayer TiN/TiO, films indicate a suitable

stoichiometry of the TiO, film and a considerable amount of nitrogen in bilayer TiN/TiO,

film.
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Figure (V.12): EDX spectrums of monolayer TiO, and bilayer TiN/TiO; films.

4. Photocatalytic Activity

The photocatalytic activity of the monolayer TiO, film and the bilayer TiN/TiO, film in
the UV light was evaluated based on the details mentioned in Chapter IlIl. The schematic
diagram of the photocatalytic activity measurement is displayed in figure (V.13). As can be
seen, the methylene blue dye solution decomposes continuously during the irradiation time

for both samples. After 4 hours, the photocatalytic removal efficiency of the monolayer TiO,
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film reaches 51% of the initial MB dye solution concentration, and the bilayer TiN/TiO, film

reaches 55% of the initial MB dye solution concentration.
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Figure (V.13): Degradation of Methylene blue dye as a function of the UV-light exposure
time for the monolayer TiO, and the bilayer TiN/TiO, films [119].

The photocatalytic reaction rate constant (k,,,) was determined by replotting the
photodegradation ratio according to the following pseudo-first order reaction equation [118],

as mentioned before (Chapter I11).
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Figure (V.14): Plots for reaction rate constant k,,,, as a function of the UV-light exposure
time for the monolayer TiO, and the bilayer TiN/TiO, films [119].
As can be noticed in figure (V.14) the highest rate constant efficiency (k,,,) is observed for
the bilayer TiN/TiO; film (kg,, =0.00334 min %), which indicates more neutralization of MB
=0.00304 min*) with a good
correlation coefficients, R? = 0.99776 for the TiO, film, and R? = 0.99356 for the

dye solution compared to the monolayer TiO; film (kg
TIN/TiO; film samples. The improvement of photocatalytic degradation of MB dye solution
with the bilayer TiN/TiO, film can be attributed to the modification of the surface
morphology caused by the TiN oblique angle deposited as sub-layer, making this film
exhibiting a height and sharp nano-clusters, which increases its specific surface area [119].
Nevertheless, the observed enhancement of MB dye solution photodegradation could be
attributed to nitrogen diffusion to the TiO, film forming of the N-doped TiO, layer and
oxygen vacancy defects in the interface, which induced the photocatalytic degradation [131,
132].

It should be noted that both samples in this experiment are deposited onto soda-lime glass
(SLG). When performing the annealing process of the films, an amount of sodium (Na)
diffuses from SLG into the TiO; layer, inducing the formation of electron-hole recombination
centers, which causes a drastic decrease in the photocatalytic degradation rate of MB dye
solution [133, 134]. The bilayer TiN/TiO, film interface with TiN as a sub-layer may provide

96



Chapter V: Impact of Glancing Angle Sputter Deposited TiN Thin Film on TiO:z Layers

a diffusion barrier of Na atoms into the TiO, layer and contribute in the improvement of the
photocatalytic degradation [119].

5. Conclusion

In this Chapter, a monolayer TiO; and a bilayer TiN/TiO; films were deposited by mixing
two deposition techniques; the sol-gel dip-coating technique deposited the TiO, layers, and
the TiN layer was deposited by the glancing angle deposition using reactive magnetron
sputtering at a=45°. Structural analysis revealed typical peaks of the TiO, anatase phase and
cubic (Na-Cl type) structure of the TiN. A roughness value of 3 nm was obtained for the
bilayer TiN/TiO; film with a rise and elongated grain size. It was found that the optical band
gap decreases after coupling the TiN layer, which is attributed to incorporating N atoms into
the TiO, structure. The hetero-interface and the surface morphology of the bilayer TiN/TiO,

film contributed to the enhancement in the photocatalytic activity.
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General conclusion

In this study, we investigated the structural, optical, and photocatalytic properties of titanium

dioxide (TiO) thin films doped with nitrogen atoms through three different experimental

approaches:

1.

Nitrogen Source Precursor Method: Nitrogen atoms were introduced during the
deposition process by incorporating a nitrogen source precursor into the TiO, solution.
N, Plasma Treatment: The surface of the deposited TiO, films was treated with N,
plasma.

TiN Layer Coupling: A TiN layer was coupled with the TiO, layer, allowing nitrogen
atoms to diffuse from the TiN layer into the TiO; layer during thermal annealing.

Our investigation focused on the influence of these nitrogen doping methods on the physical

properties of the TiO, film.

>

Crystal Structure: X-ray diffraction analyses revealed that both pure and nitrogen-
doped TiO, thin films crystallized exclusively in the anatase structure. Notably, no
nitrogen species or related oxides were observed, which we attribute to the reactivity
of nitrogen atoms.

Optical Transparency: UV-visible analysis demonstrated that all thin films were
transparent in the visible region but opaque in the UV region. This behavior was
consistent across both pure and nitrogen-doped TiO, films. However, the TiN/TiO,
bilayer film exhibited lower transmission due to the opaque TiN layer.

Band Gap Energy: Calculations of the band gap energy for the TiO, thin layers
indicated a decrease upon nitrogen doping in all methods, confirming successful
doping.

Surface Morphology: Atomic force microscopy (AFM) observations revealed that the
surface morphology and roughness of the films were influenced by nitrogen doping.
Photocatalytic Efficiency: The photocatalytic characteristics of the pure and nitrogen-
doped TiO, thin films:



General conclusion and perspectives

o Nitrogen Source Precursor Method: This method showed a lower yield
compared to the pure TiO, samples, attributed to the use of a soda lime glass
substrate, causing Na ions to diffuse into the deposited film.

o Nitrogen Plasma Surface Treatment Method: This method showed a slight
improvement in photocatalytic activity compared to pure TiO, samples,
attributed to the formation of nitric oxide (NO) on the surface of the TiO; film.

o TiN Layer Coupling: This method significantly enhanced the photocatalytic
activity.

The obtained results highlight the potential of surface modification of TiO, layers for
improved photocatalytic efficiency, particularly in addressing environmental challenges

associated with increasing pollution rates.

Perspectives

1. Investigate the effect of other nitrogen source precursors on nitrogen doping in TiO,
films.

2. Explore various plasma treatment parameters (e.g., power density, treatment time, and
gas flow rate) to optimize TiO; thin film properties and photocatalytic activity.

3. Study the impact of TiN film thickness and the GLAD (glancing angle deposition)
angles on the physical properties and photocatalytic performance of bilayer TiN/TiO,

films.
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