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“What we know is a drop, what we ignore is an ocean”

Isaac Newton
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ABSTRACT

The use of semiconductors for processes of self-cleaning, air and water depollution as well
as surface disinfection has triggered a great interest in the scientific community. One of
the most used semiconductor materials is titanium dioxide (TiOz) due to their large
photocatalytic effect, higher oxidation strength, chemical stability non-toxicity and
availability, among others. This oxide has been highly researched and was found that it is

capable of decomposing various organic and inorganic compounds.

Most of these studies were conducted under ultraviolet light (UV), since TiO, has a
photocatalytic activity and a relatively high chemical stability under UV radiation. The
process has several advantages and one of them is the ability to combine processes
involving biological decontamination methods, which makes this semiconductor capable
of removing a wide range of bacteria, viruses, fungi, algae, protozoa, etc. (antimicrobial

effect).

Despite the advantages of this process we can notice two important limitations. Firstly,
only 5% of the solar spectrum comprises ultraviolet radiation; secondly, the direct UV
radiation is harmful to human’s health. Based on these limitations, the researchers have
been studying methods that enable the use of TiO, under the presence of visible light. This
effect can be achieved by doping TiO, with some metallic elements. Having this in mind
some research groups have been focusing on the antimicrobial applications of this
semiconductor material. Thus, the main goal of this work was the production of TiO; thin
films and TiO; thin films doped with two different metals (iron and silver) with

photocatalytic activity and, consequently, antimicrobial proprieties.

The thin films were deposited on glass and cotton substrates by DC magnetron sputtering
method. The studies of morphological characterization of the surface were performed
using SEM and AFM techniques. The thin films crystalline structure was evaluated by XRD
technique. Through UV-Vis spectroscopy it was possible to study their optical proprieties
(namely transmittance). The thin films photocatalytic ability was assessed the
photodegradation of methylene blue aqueous solution (organic dye) under UV irradiation.
The thin films antimicrobial properties were tested by studying there effect on the growth
of a strain of Escherichia coli bacteria. The TiO: thin films doped with silver were the ones
that presented the higher photocatalytic and antimicrobial performance, showing around

10% of photodegradation yield and presented the higher inhibition of bacterial growth.
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RESUMO

A utilizagdo de semicondutores para processos de auto-limpeza, desinfeccdo de
superficies, do ar e da dgua, tem suscitado um grande interesse no mundo cientifico. Um
dos semicondutores mais utilizado é o didxido de titdnio (TiO;) devido ao seu elevado
efeito fotocatalitico, elevada capacidade de oxidagao, estabilidade quimica, disponibilidade
e nao-toxicidade, entre outros. Este material semicondutor tem sido extremamente
investigado e verificou-se que é capaz de decompor varios tipos de compostos organicos e
inorganicos.

A maioria destes estudos foram realizados sob a acdo de luz ultravioleta (UV), uma vez que
o TiO; apresenta uma actividade fotocatalitica e uma estabilidade quimica relativamente
elevada sob a radiacao UV. O processo apresenta diversas vantagens sendo uma delas a
possibilidade de combinar processos de descontaminacdo biolégica, tornando este
semicondutor capaz de eliminar uma vasta gama de bactérias, virus, fungos, algas,
protozoarios, etc. (efeito antimicrobiano).

Embora o processo apresente diversas vantagens, observam-se duas importantes
limitag6es. Em primeiro lugar, apenas 5% do espectro solar compreende a radiacao ultra-
violeta, e em segundo lugar a radia¢do UV é prejudicial para a saide do ser humano. Tendo
em consideracdo estas limita¢des, varios grupos de investigacdo tém estudado métodos
alternativos que possam ser capazes de permitir a utilizacdo de TiO; na presenca da luz
visivel. Um dos métodos utilizados consiste na dopagem do TiO, com elementos metalicos.
Tendo em consideragdo o exposto, alguns grupos de investigacido tém direcionado os seus
trabalhos na utilizacdo deste material semicondutor ao estudo de aplicacbes
antimicrobianas. Neste sentido, o principal objetivo deste trabalho visou a producdo de
filmes finos de TiO: e filmes finos de TiO, dopados com dois metais diferentes (ferro e
prata) com atividade fotocatalitica e propriedades antimicrobianas.

Os filmes finos foram depositados em substratos de vidro e de algoddo pelo método de
pulverizagdo catédica em magnetrdo utilizando fonte DC. Os estudos de caracterizagio
morfolégica da superficie foram realizados pela utilizagdo de microscopia electrdénica de
varrimento (do inglés Scanning Electron Microscopy, SEM) e microscopia de forca atomica
(do inglés Atomic Force Microscopy, AFM). A estrutura cristalina dos filmes finos foi
avaliada pela técnica de Difracdo de Raios-X (do inglés X-ray difraction, XRD).

Através da utilizacdo dr espectroscopia UV-Vis foi possivel estudar as propriedades
opticas dos filmes finos produzidos (nomeadamente a transmitancia). A atividade
fotocatalitica dos filmes finos foi avaliada através da medicdo da fotodegradacio de uma
solucdo aquosa de azul de metileno (corante organico) sob iradiagdo de luz UV. As
propriedades antimicrobianas dos filmes finos foram estudadadas através da observagao
das curvas de crescimento da bactéria E. coli. Os filmes finos de TiO; dopados com prata
foram aqueles que apresentaram os maiores desempenhos fotocatalitico e antimicrobiano,
apresentando um rendimento de fotodegradacdo de aproximadamente 10% e a maior
inibicao do crescimento bacteriano.
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CHAPTERI - INTRODUCTION

1.1 - GENERAL

The origin of Nanotechnology dates back to 1959, where Richard Freynman
proposed the direct manipulation of individual atoms as a very powerful physico-
chemical tool very powerful. However, the term nanotechnology was created by
Norio Taniguchi of Tokyo University, in 1974. This term was defined as the
precision production of materials with nanometer scale. Furthermore, Eric Drexler
in 1986, mentioned the term "nanotechnology"” in his book "Engines of Creation:

The Coming Era of Nanotechnology" [1].

Nanotechnology studies the characterization, production and application of
structures, equipment, devices and systems in scale ranging from individual
molecules or molecules of approximately 100 nanometers, as well as the junction

of the nanostructures for systems with larger dimensions [1].

A nanometer (nm) is one thousand millionth of a meter. The size of a DNA
molecule is in the range of 100 nm and is slightly lower than that of a virus. A
single human hair is about 80,000nm diameter. A red blood cell is approximately
7,000 nm wide diameter and water molecule almost 0.3nm [2]. See the comparison

of scale in Figure 1.

Figure 1: Representation of the dimensions of some typical species, in its various scales (adapted from

[2D)-
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Nanomaterials have been used over time in various applications ranging from
window glass and sunglasses lens (see Figure 2) to car bumpers and paints.
Nowadays, applications have increased in several areas, such as the manufacture
of other materials, computers chips, in medical diagnosis and health care,

biotechnology, exploration, security, energy, among others [3].

In the next 10 to 15 years, nanotechnology will have a significant impact on the
economy and society, and ever more with utmost importance so that new scientific

and technological advances are achieved.

Figure 2: Thin films in glass and sunglasses [4, 5].

Currently, scientific research in the field of nanotechnology has attracted growing
interest because of its several applications, either through design of new products,
materials characterization, production and application of structures, devices and

systems in nanometer scale [6, 7].

In fact, applications of nanomaterials, especially of nanoparticles (NPs), in areas
related to therapeutics and diagnosis, such as pathogen detection, drug delivery,
disease diagnosis and imaging, among others, are in continuous progress.
Alongside with the nanoparticles, thin films coatings have been used to design and
create advanced nanocoating systems with significantly optimized or enhanced

properties of great interest to health, food and biomedical industry [8].
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Thin films are use for more than half a century. Their applications are found in the
making of electronic devices, instrument coating, optical coatings and decorative

parts.

Initially the thin films were used for decorative effects but currently these coatings
are used for materials protection and manufacture of sensors, conductors,
resistors of microelectronic circuits [9]; protection of metals against corrosion
[10]; solid lubricants [11]; are also used to the protection of plastic packaging for
food and optical coatings [12]; tool coatings to enhance their hardness [13];
photovoltaic devices for solar energy conversion [14], among many other

applications.

The name "thin film" is given to a coating with thickness of up to 300 pm, but this
doesn’t include coatings of paints and varnishes that, in general, are ticker. These
coatings can be made from various types of materials, including metals, metal
oxides or organic substances [15]. In Figure 3 is shown a thin film of a metal oxide

- TiOg, in glass substrate.

Figure 3: TiO: thin film in glass substrate.
It is very important that a thin film presents all, or the majority, of the following
properties mentioned below:

» Should be chemically stable in the environment in which it will be

used;
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» Should be strongly adherent to the surface (substrate), since they are
extremely fragile;
> Should have a uniform thickness;

» Must be pure or have controllable composition;

» Should have low defect density [16].

Normally the properties of a material in the form of a thin film differ substantially
from the properties of the same material in its solid state due to the influence of
the surface, the relation between surface and volume is much greater in the case of
the film. On the other hand thin films properties depends on the deposition
processes that are used [15]. Thin films can be obtained by a variety of techniques,
such as: deposition from liquids; chemical deposition from the vapor phase, a
process called CVD (Chemical Vapor Deposition); and by physical deposition from
the vapor phase, a process denominated PVD (Physical Vapor Deposition). In this
last case species are physically torn apart from a target by temperature
(evaporation) or by impact of ions (Sputtering) and are transported to the

substrate where they condense into a thin film [15].

In Chapter III Sputtering process will be explained in detail, since the process was

used in this laboratory work for the production of thin films.

Since 2010, nanotechnology use became common in many manufactured goods,
for example, in electronics and informatics applications, as the production of
microprocessors and memory chips, which became available in the market in
2009. Finally, the applications in health-care became more significant with the
application of the nano-enabled pharmaceuticals and medical devices [17]. These
devices have become of greater importance for human health care and, because of
that, its demand in the market has increased over the past three decades. Medical
devices such as heart valves, vascular grafts, various catheters and orthopedic
fixation screws, are of the must importance because they are used to save lives and
to restore the quality of life of many people [18].

These medical devices present a problem. They can be infected by bacteria

contamination and cause serious problems or even be fatal for the patient. These
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devices are called device-related infections (DRIs), that consist in the proliferation
of bacteria and their attaching to the surface of the medical devices and implants
[19]. As soon as planktonic bacteria, that circulate in the vascular system, are
attached on to the implant surface, they multiply and form a biofilm that eventually
leads to an infection (see Figure 4).

Besides the bacterial colonies that are formed in the device, they will also
multiply and form an exocellular polysaccharide matrix, which protects them
against antibiotics and the host body’s innate defense system [20]. This makes it
very difficult to remove these bacterial colonies in medical devices. Thus a
promising strategy studied by scientists for reducing the occurrence of DRIs is to
prevent the attachment of bacteria to the surfaces of the devices. This caused an
increase in scientific research and development of thin coatings capable of
conferring resistance to bacterial colonization, in the various biomedical devices, it

have been studied [18].

Figure 4: Illustration of the formation of a biofilm.

One of the approaches is the study of the modification of the device surface
properties, by chemical and structural composition, and the study of new surfaces,
with the aim of preventing bacterial proliferation, control of microorganisms size,
shape and organization in the device. There are several methods for modifying the

surface of a material capable of presenting antibacterial properties [21]. By
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observing Figure 5, it is possible visualize a schematic of different methods for

surface coatings with antibacterial properties.

Figure 5: Schematic view of various methods for surface modification of medical devices with

antibacterial properties [21].

One approach to modify the material surface and to combat the growth of
microorganisms is based on inorganic coatings, in which there is a release of
antimicrobial compounds and an intrinsic antibacterial activity. With this purpose
are studied materials such as SiO», Al,03, ZnO, TiO», etc. These materials are used
by scientists due to their availability and easy handling, low toxicity, low cost,
favorable mechanical strength, thermal stability, high surface area, and allow
adsorption of various solids and organic ligands on their surface [22]. Between
these inorganics materials, TiO2 has received increasing attention by researchers,
due to its strong oxidizing power, non-toxicity and long-lasting properties physical
and chemical stability, low cost and broad-spectrum antibiosis [23]. So, the TiO>
has been widely used in the sterilization of medical devices and air-conditioning
filters owing to its self-sterilizing property. Lastly the TiO; has been widely used
for the decomposition of organic compounds and microbial organisms, such as

cancer cells, viruses and bacteria [23].

In this study, all the attention was focused in the TiO: coatings, one of the most

attractive antimicrobial materials.
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1.2 - MOTIVATION AND OBJECTIVES

The main objective of this work is the production of TiO; thin films with the ability
to present antimicrobial activity. It is common knowledge in the scientific world
that the TiO2 semiconductor is an excellent photocatalyst when irradiated with UV
light. Despite this advantage it is not to be expected that, for example, surgical
rooms will have a large number of UV lamps, due to their high cost and the
extended human exposure is unhealthy. Thus, in this work it was intended to study
the activity of TiO> thin films and their doping with metallic elements that use UV

irradiation to activate the TiO2 photocatalysts.

Under this context, the work performed in this master thesis combined the
production of TiO; thin films and TiO; thin films doped with iron and silver by the
using DC magnetron sputtering deposition method and the study of their physical
and biological properties. A study such as the effect of different thicknesses,
morphology and dopant concentration effects in some biological functions was

evaluated. Escherichia coli was the bacteria used throughout this study.

After the production of TiO2, Fe- and Ag-doped TiO thin films by DC magnetron
sputtering method, the produced samples were characterized in order to evaluate
their structural (by X-Ray Diffraction - XRD), surface (by Scanning Electron
Microscopy - SEM and Atomic Force Microscopy - AFM) and optical properties
(with UV-Vis Spectroscopy). The thin film’s photocatalytic activity was assessed by
measuring the variation on the absorbance spectra of methylene blue aqueous

solution over time under UV irradiation.

1.3 - THESIS ORGANIZATION

This thesis is structured in seven chapters, each one corresponding to different
subjects. In the first chapter it is made a very brief introduction of the work,
describing personal and scientific motivations to do it, the reason why and how the

development of thin films are important for improvement of human health and, of
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course, the main goals of this project. In chapter 2 we present an overview of the
bibliographical review where it is possible to find information regarding thin films;
mainly titanium dioxide thin films and its photocatalytic/antimicrobial properties.
In chapter 3 and 4 will be presented some theoretical principles of production
techniques (Magnetron Sputtering) and characterization ones (XRD, SEM, AFM,
Contact Angle Measurements and Optical Spectroscopy). In chapter 5 are
presented the details regarding the experimental procedure. In chapter 6 are
presented all the results and their discussion. Finally, in chapter 7 and 8 will be

presented the main conclusions and future perspectives, respectively.
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CHAPTER 11

BIBLIOGRAPHIC REVIEW
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CHAPTER II - BIBLIOGRAPHIC REVIEW

2.1 - INTRODUCTION

In this chapter will be described the main characteristics of a semiconductor with
high interest in photocatalytic protocols: TiO2. The characteristics of TiO2 are
depicted as well as the photocatalytic process. Lastly, are listed some of the
applications that this oxide is associated with, reinforcing the interest in

antimicrobial applications.

2.2 - SEMICONDUCTORS

A large number of the research being done is focused on semiconductor
photocatalysts due to their use in the solar energy conversion, environmental
purification, water splitting, air and water purification and surface/soil

sterilization [24].

A semiconductor (SC) is characterized by a band energetic structure where the
valence band (VB) is completely filled with electrons at low energy levels and a
conduction band (CB) with higher and unoccupied energy states (Figure 6). The
region between these two bands is called a band gap [21, 24]. In this band gap
there are some sub-bands that are closely related to surface defects and surface
states. The energy of the band gap (Eg) corresponds to the energy difference
between the CB and the VB [24].
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Figure 6: Schematic representation of a semiconductor [25].

When the SC is photo-irradiated with a photon with energy hv equal or higher than
the band gap energy, the electrons (e) of the VB are promoted to CB (via photon-
excitation) and a hole (h*) is formed in VB (26) (see Figure 7).

Figure 7: Schematic representation of a semiconductor after photon-irradiation [25].

After the jump of electrons from the VB to the CB there is the formation of the
electron-hole pair (e-/h*). This can then result with one rapid recombination or
with charge trapping in a picoseconds time, and is due to this process that the
semiconductor works as a photocatalyst, which becomes of great interest for a

wide range of processes and applications [21].
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2.3 - TITANIUM DIOXIDE

2.3.1 - GENERAL DESCRIPTION

Titanium dioxide (titania, TiO2) is undoubtedly the most used semiconductor used
due to its chemical stability, non-volatile nature, low thermal conductivity,
refractory character, relatively low cost, non-toxicity and high photoactivity. TiO>
is also the semiconductor selected for organic applications since its doping with
metallic elements correspond to a strategy to increased the A radiation absorption
[27-29]. TiOz is amphoteric (although being more acidic than alkaline), it is
commonly a crystalline material with seven reported polymorphs, from which four
are natural and the others ones are synthetic. Of the four natural polymorphs there
are three main polymorphs: Anatase (crystal system: tetragonal), Rutile (crystal
system: tetragonal) and Brookite (crystal system: orthorhombic) [30]. However,
the anatase and rutile forms, of this semiconductor, are the most studied and used
in numerous applications. By another hand, the brookite phase is less studied due
to its rareness [31]. Both rutile and anatase unit cell can be described as one
titanium atom surrounded by six oxygen atoms in octahedral configurations. The
structures of the two crystalline forms are distinguished by the distortion of their
octahedra and by their geometric arrangement. In rutile phase each octahedron is
in contact with 10 neighbors’ octahedra, while in the anatase phase each

octahedron is in contact with 8 neighbors octahedral [32].

Figure 8 shows the crystal structures of TiOz in the anatase, rutile and brookite

phases.
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Figure 8: TiOz phases rutile (a), anatase (b) and brookite (c) (Ti (white); O (red)) [30].

Anatase shows a band gap of approximately 3.23 eV, corresponding to a UV
wavelength adsorption of about 385 nm. One the other hand, rutile presents a
band gap around 3.02 eV, with excitation wavelengths that extends into the visible

light range, about 410 nm [21, 30].

Thermodynamic calculations based on calorimetry measurements, showed that
rutile is the most stable form of this semiconductor at normal pressure and in all
temperatures ranges up to its melting point. This phase also present a large

crystallite size [33].

However, kinetically, the anatase is more stable because its conversion to rutile
phase is very slow at room temperatures, making the occurrence of this transition
practically never observed [34, 35]. This phase has a very small crystallite size,
with the critical size of approximately 11nm in diameter, although smaller values
have also been presented [36, 37]. However, at higher temperatures, anatase may

be converted into rutile. The conversion of anatase to rutile is widely studied
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because this is one of the most critical parameters in application of this
semiconductor as a photocatalyst, in catalysis in general, and as powder ceramic

material [38, 39].

There are few studies on the polymorphic surface of the brookite phase. In the past
few years, the optical properties of brookite have been researched and were
mainly focused on its absorption edge [40-42]. The electronic and optical
properties ascribed to this crystalline phase were described, for the first time, by
Landmann and his co-workers, in 2012. Anyway, a more detailed understanding of

the surface structure, chemistry and photochemistry, is still required [30].

Anatase phase is also considered to be the most photochemically active phase of
TiO;. In other words, this phase presents a higher photocatalytic activity. This may
be due to its high surface absorption capability and a high rate of hole trapping.
Recently, researchers showed that the phase-mixed (anatase-rutile or brookite-

anatase) has more activity than 100% anatase [43, 44].

2.3.2 - PHOTOCATALYTIC PROPERTIES

The TiO: is also the most used semiconductor for disinfection applications due to
its strong photocatalysis mechanism. The photocatalytic activity process has its
origins when TiOz-surfaces are irradiated with sufficient photon energy, on
aerobic conditions, to promote electrons from VB to the CB leading to the
generation of (e /h*) pairs (see Equation 1). As previously referred, the energy
required to promote an electron to the CB in the case of anatase is about 3.2 eV,
which means that, to occur a photocatalysis process it is necessary a wavelength of

about 385nm (i.e., UVA).

Figure 9 shows the redox reactions after the formation of (e/h*) pairs when

irradiated by UV light.
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Figure 9: Image illustrating the photocatalytic mechanism of TiO: after UV light absorption
[45].

The positively charged holes may be filled by migration of electrons from adjacent
molecules, leaving these molecules with a hole. Thus, the holes may be mobile, and
this process can be repeated. Electrons and holes can recombine with each other
(bulk recombination) and the reaction is non-productive. When the electrons
reach the surface they can migrate within the conduction band and react with
oxygen molecules leading to the formation of superoxide radical (02°) (Equation 2).
This reaction, which competes with the fast electron-hole recombination,
represents the initiation phase of a free-radical chain promoted by H20, leading to
the formation of hydroxyl radical (¢OH) (Equation 3). Therefore, there is the
formation of reactive oxygen species (ROS). These ROS in solution can react to
form hydrogen peroxide (H202) (Equation 4), promoting hydroxyl (¢OH) (Equation
5) and hydroperoxyl (¢OOH) (Equation 6) radicals. TiOz can also photodegrade
organic compounds through oxidation reactions with free radicals leading to the
formation of substances such as carbon dioxide (COz) and water (H20) (Equation
7). This process is called mineralization. These reactions can be extended to
organic materials and/or microorganisms [46] and can be used in processes of

sterilization, deodorization and disinfection [23].

18 Master Thesis - Carina Silva



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

TiO,+hv—e, _+h . (Equation 1)
O,+e, =0, (Equation 2)
h,.+H,O—=«OH+H_ (Equation 3)
*OH ++OH — H,0, (Equation 4)
O, +H,0, —=+0OH +OH" +0, (Equation 5)
O, +H" —+«O0H (Equation 6)
*OH +OrganicCompounds+0O, — CO, +H,0 (Equation 7)

However, as the band gap energy ranges between 3.0 and 3.2 eV, one of the
limitations in the photocatalysis process in a semiconductor is the relatively low
value of the overall quantum efficiency due to the high recombination rate of the
photo-induced (e’/h*) pairs in the semiconductor surface [24]. To address this
disadvantage numerous studies have been made to increase the yield of visible
photocatalysis such as: the use of nano-sized semiconductor crystallites instead of
bulk materials [47, 48]; coupling TiO2 to other oxides [49, 50]; modification of

photocatalysts using doping elements [51, 52].

Photocatalytic activity of TiOz is strongly influenced by the presence of metallic
species [23, 53]. A variety of attempts have been made to introduce different
metals species into the TiO; matrix with the objective to enhance the
photocatalytic activity or broaden the absorption of the solar spectrum [53]. The
doping may include materials such as noble metals: gold (Au) and silver (Ag),
magnetic particles: nickel (Ni) and ferrites, quantum dots, hydroxyapatites and
various oxides: alumina (Al203), zirconia (Zr0O2), silica (SiO2) and nickel oxide
(NiO), metals such as: tin (Sn), palladium (Pd), copper (Cu), and iron (Fe), carbon
(C) and neodymium (Nd) [22].
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In the photocatalytic activity, it is very important to have in consideration the
particle size. For larger particles, the (e/h*) pair's volume recombination is the
dominant process, while for small sized particles the distance covered by (e"/h*)
pairs (during their trajectory from crystal interface to the surface) is shorter,
increasing the migration rate to the surface in order to take part in the chemical
redox reactions. The role of ion dopant is also very important because it can act as
an electron trap in the semiconductor interface. The trap of charge carriers can
decrease the volume recombination rate of (e/h*) pairs and thus increasing the
lifetime of charge carriers. The process of charge trapping can be described by
equations 8, 9 and 10 [54]. In these equations M"* is the metal ion dopant. The
energy level of M»*/M®-1)+ Jies below the conduction band edge. Therefore, the
energy level of transition metal ions thus affects trapping efficiency. Electron
trapping makes it easy for holes to transfer onto the TiO; surface, reacting with OH-
to form active hydroxyl radicals (¢OH) that will participate in the overall

degradation of organic compounds [55].

M™+e — MY (Equation 8)
cb™

M™+h  — M ™ (Equation 9)
vb*

OH"+h,  —<OH (Equation 10)

As already mentioned previously, photocatalytic activity of the TiO; requires UV
irradiation and this causes a limitation in this process. So the modification of the
semiconductor by doping with metallic elements can, in general, reduce the band
gap and promoting the absorption in the visible region of the electromagnetic

spectrum [46].

Matsunaga and co-workers have demonstrated, for the first time, that
antimicrobial activity of TiO2 was activated by UV irradiation [56, 57] and since
then this area became the subject of more research concerned with the reduction
of bacteria, fungi, algae, protozoa and viruses as well as microbial toxins
contaminations [58-60]. The ability to eliminate microorganisms on photocatalytic

self-cleaning/self-disinfecting surfaces may provide a useful additional mechanism
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in the control of diseases transmission, used for example in biomedical devices

along with conventional disinfection methods.

2.3.3 - APPLICATIONS OF TIO; COATINGS

TiO; coatings present several applications, for example, self-cleaning windows,
water/soil and air disinfection [61-62], purifying drinking water [63], treatment of
wash waters from vegetable preparation [64], among others. Currently there are
over 11,000 publications on photocatalysis (Figure 10). The effect of TiO: to

eliminate microorganisms like bacteria, fungi, viruses have attracted great interest.
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Figure 10: The graph shows increasing number of publications on photocatalytic disinfection over the

years [46].

2.3.3.1 - ANTIMICROBIAL APPLICATIONS

Photocatalysis process has been shown to be able to degrade also a wide range of
microorganisms such as bacteria, including endospores, fungi, algae, protozoa and
viruses [65]. The major amount of studies performed in what concerns
photocatalysis processes in microorganism’s uses the E. coli bacteria. These
bacteria (Figure 11) are common inhabitants of the gastrointestinal tract in
humans [66]. E. coli is a Gram-negative bacilli that exist individually or in pairs, is
facultative anaerobic with a type of metabolism that is both fermentative and

respiratory [67].
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Figure 11: Electron microscopy photograph of E. coli cells [71].

TiO; photocatalytic process in Gram-positive bacteria was also studied and it was
found that these bacteria were more resistant to the photocatalytic disinfection
than Gram-negative bacteria [68-70]. This difference is generally attributed to cell
wall differences between these two groups of bacteria. While Gram-negative
bacteria have a thin peptidoglycan layer (PG), and an outer membrane (OM),
Gram-positive bacteria have a thick peptidoglycan layer and show no outer

membrane (see Figure 12).

Figure 12: Cell walls of gram-negative (A) and gram-positive (B) bacteria [72].

However, some studies have shown that Gram-positive bacteria were more
sensitive than Gram-negative ones [73-75]. These differences may be related with
the different affinities for the TiO;, that is, requires a close contact between the
cells and TiOz so that there is a good antimicrobial activity. Although, more studies

are needed in this area [75].

22 Master Thesis - Carina Silva



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

2.3.3.1.1 - Role of Reactive Oxygen Species (ROS) in the photocatalysis process

Many studies show that ROS, derived from the TiO: photocatalysis, are largely
responsible for microorganisms cell death, such as E. coli bacterium [78-80], -OH
radicals are short-lived and probably would not diffuse far more than 1pm from
the surface of TiO;, especially in the presence of organic matter [81]. Some studies
showed that both the -OH and H0: radicals were responsible for killing
microorganisms, but the -OH Kkills closer to the TiO; surface, while H20; can diffuse

more and kill at a higher in-depth distance [46] (see Figure 13).

[@ T

o B 1o

Figure 13: Role of ROS in photocatalytic killing of bacteria [46].

Many studies have shown the importance of TiO2 contact with microorganisms.
This contact will increase the oxidative damage since the TiO2 particles and
bacteria in suspension have a higher contact between them causing a larger

surface area for ROS production and therefore a greater cell killing effect [82-84].

2.3.3.1.2 - Process of E. coli photo-killing on the surface of TiO> thin films.

As already explained earlier E. coli is a bacterium protected by an outer membrane,
a thin layer of peptidoglycan and followed by an inner membrane (cytoplasmic
membrane) (see Figure 14 (a)). When in contact with the TiO2 coating, these
bacteria adhere to the thin film surface and the outer membrane is attacked by the
ROS produced by the photocatalytic effect of semiconductor (see Figure 14 (b)).

During this process, cell viability is not lost very efficiently, but the damage in the
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outer membrane affects the permeability of the membrane and makes easier the
passage of ROS to the cytoplasmic membrane. Thus, this membrane is attacked by
ROS leading to lipid peroxidation of the membrane (see Figure 14 (c)). With the
damage occurring in the layers of the bacteria there is a leakage of small molecules
such as ions, and higher molecular weight components, such as proteins. Finally,
with the degradation of the cell internal components there is a loss in the cell

viability and ultimately cell death [46, 76, 85].

Figure 14: Scheme of the photocatalytic degradation process of E. coli representing the different steps

in contact with TiOz thin films [85].

24 Master Thesis - Carina Silva



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

CHAPTER 111

PRODUCTION TECHNIQUES

Master Thesis — Carina Silva 25



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

26

Master Thesis - Carina Silva



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

CHAPTER Il - PRODUCTION TECHNIQUES

3.1 - INTRODUCTION

There are various techniques available to produce thin films. Techniques based on
vacuum deposition can be divided in two categories: Chemical Vapor Deposition
(CVD) and Physical Vapor Deposition (PVD). CVD technique consists in the
introduction of gaseous molecules inside a reactor (deposition chamber). These
reagents lead to chemical reactions occurring on the surface of the material
(substrate), which will be coated in the form of a thin film. These chemical
reactions are activated, for example, by heat, plasma or ultraviolet light. There are
some limitations with this process, based on the maintenance to a minimum of the
substrate temperature and we also have to take into account the types of possible
occurring reactions. On the other hand in PVD processes the films are deposited
from single atoms, or small clusters, from a target to a substrate that will be coated
[86]. In the PVD techniques, we can highlight the Evaporation, Ion Plating and
Sputtering processes. These processes are quite advantageous compared to other
deposition processes because they are highly versatile, allow the deposition of any
metal, alloy or compound or a combination of both, as well as some organic
materials. Compared with the CVD processes, in PVD ones it is possible to control
the temperature of the substrate, for example, from sub zero to high temperatures

[87, 88].

In this study we used the sputtering process for the production of TiO> thin films to

which was given full attention in this chapter.

3.2 - PHYSICAL VAPOR DEPOSITION (PVD)

PVD techniques are used in a wide range of applications, from decorative coatings,
electrical contact coatings and even high temperature coatings [89]. In general, a

PVD process consists of three steps:

Master Thesis - Carina Silva 27



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

1. Particle emissions from a condensed phase (solid or liquid) to the vapor
phase, from a source;
2. Transportation of these particles to the substrate;

3. Condensation in the substrate and film nucleation and growth.

Typically, PVD depositions are performed in a vacuum chamber. The vacuum is
needed to ensure minimal collision between the particles during transport to the

substrate and to avoid involuntary reactions.

Generally, these techniques are atomic in nature since the films are deposited from
single atoms or clusters and any reactions occur on the film surface, independently
of the source parameters [90]. In this work the PVD process used was the
Magnetron Sputtering technique. In this technique the source is in the solid state

(target) and atoms are ejected by ion impact [91].

3.2.1 - SPUTTERING TECHNIQUE

The sputtering phenomenon was first observed by Groves in 1852, but it was
Pliicker, in 1858, that suggested that it could be used as a tool to produce metallic
films [92]. Due to its increasing development in high-quality functional films in
many diverse market sectors, this technique became the process of choice for the
deposition of a wide range of important industrial coatings. Sputtering is
commonly used for thin film deposition, as the extremes for melting or chemically
reacting high melting point materials are not required, as with evaporation or an
electrochemical process [93]. Nowadays, magnetron sputtering have a significant
impact in application areas including hard, wear-resistant coatings, low friction
coatings, corrosion-resistant coatings, decorative coatings and coatings with
specific optical or electrical properties [94]. This technique is used due to the
simplicity of the physical process, the versatility of the technique and flexibility for
changes and standardization of deposition parameters. Very briefly this technique
involves the condensation of compounds in the gaseous phase to form a solid

material usually in the form of a thin film deposited on a substrate [93].
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In the sputtering process, a target is bombarded by energetic particles, usually
from an inert gas, e.g. argon ions, generated by glow discharge plasma, located in
front of the target. The bombardment process causes the removal of the atoms on
the target by physical processes, which will condense on a substrate (part to be
coated) as a thin film (see Figure 15). With the sputtering technique we can obtain
films with excellent uniformity (particularly in large areas) with smooth surfaces,
where it is possible to acquire very similar properties of the volumetric material.
These coatings exhibit good adhesion and the deposition rates are high, compared

with the evaporation process [95].

Figure 15: Schematic representation of a sputtering process [96].

Secondary electrons are also emitted from the target surface as a result of the ion
bombardment (see Figure 16). These electrons play an important role in

maintaining the plasma [95].
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Figure 16: Bombarding of the argon atoms on the target surface and therefore electron emission [97].

3.2.1.1 - MAGNETRON SPUTTERING

Magnetrons are originally devices used for the generation, or amplification, of high

frequency signals. These magnetrons are divided in, essentially, three types:

cylindrical, circular and planar (see Figure 17) [98]. The planar magnetron is the

one used in our study. Typical configurations of planar magnetrons (PM) are the

rectangular and circular. The figure 18a shows a circular planar magnetron used in

this work. In this type of magnetron there is a “looping” magnetic field that

restricts the erosion of the target to a "racetrack” area (see Figure 18).

Figure 17: Different types of magnetrons: cylindrical, circular and planar [99].
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Figure 18: Illustration of a planar magnetron [100].

A magnetron system can be powered with direct current (DC) powered and radio
frequency (RF). Under the impact of Ar ions on the target there is a increased
heating of the target itself, so that the magnetrons are commonly cooled with
water. A PM has an outer (N) and inner (S) magnet and all the magnetic field lines
balance each other, to these magnetrons is given the name of conventional
balanced magnetrons (CBM) (see Figure 19). With this arrangement, the discharge
is confined, by the magnetic field, close to the cathode surface (target).
Consequently the bombardment of the growing film at the opposing substrate by
energetic particles (other than the deposition atoms) is minimal [101]. In addition
to the CBM, there are also unbalanced magnetrons (UBM). In this case, the
secondary electrons that escape from the cathode follow the magnetic field lines
away from the target and undergo ionizing collisions with gas atoms. The plasma
formed is not confined to the target area, and it expands away from the target
surface (see Figure 19). The magnetic field confines the escaping electrons, which

determine the number of formed ions [102].
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Figure 19: Schematic representation of the conventional and unbalanced magnetrons [103].

For the sputtering process to occur is required a working gas. If the sputtering
atmosphere is an inert gas (e.g., argon) the process is described as unreactive. If

used a reactive atmosphere (e.g., nitrogen), the process is called reactive.

3.2.1.2 - DC MAGNETRON SPUTTERING VS PULSED DC MAGNETRON
SPUTTERING

In the process of DC (direct current) magnetron sputtering deposition of an oxide,
from a metal target, in a mixture of oxygen and argon gas, the target is oxidized
and an insulating layer is formed on its surface. This method is not the most
suitable for thin films production, because of electrical breakdown in the insulating
layer, in the form of an electrical arc, may occur. This phenomenon when the layer
cannot withstand any longer the electric field strength. The formation of these arc
lead to the ejection of droplets of material from the target surface that can cause
defects and lack of stoichiometry in the growing film. This causes deterioration in

the optical and electrical properties of the films produced [103].

On the other hand, with the process of Pulsed DC magnetron sputtering has been
found that arc events can be prevented and the reactive sputtering process is

stabilized. Arc events can be suppressed or significantly reduced by applying a
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short positive pulse to the target. During the positive part of the pulsed period
electrons are collected at the target surface, and due to the fact that they have
lower mass compared to the ions, they have also much higher mobility. So, the
discharge current (positive part) will be much higher than the charging current
(negative part) and thus it will prevent the occurrence of arcs events. This process

becomes more stable, repeatable and controllable [104].

3.3 - FILM GROWTH

When a thin film is deposited on a substrate their final properties can be very
different from their bulk counterparts. These properties vary with the structure
that the coating can form, as well as the processes that occur during deposition. At
the end of the deposition the substrate will have a different chemical nature than
the coating material. When atoms reach the substrate, it is not observed
immediately its condensation. These atoms, firstly, are adsorbed on the substrate
and then are undergo condensation by the formation of small clusters through
combination of various adsorbed atoms, which is given the name of nuclei and
their forming process is called Nucleation. Then there is the enlargement of the
nuclei to finally form a coherent film. This process is given the name of Growth.
Usually the process of nucleation and growth occur simultaneously during thin

film deposition [105].

In figure 20 we can observe the different steps of thin film formation. First there is
the formation of adsorbed monomers. With the junction of these monomers there
is the formation of nuclei (nucleation step). Then occurs the growth of nuclei of
supercritical dimensions (growth step). The clusters formed earlier unite, forming
a new island, occupying an area smaller than the sum of the original two (see
Figure 21), thus exposing substrate surface, which will occur a "secondary"
nucleation (coalescence step). The islands formed grow and increase their
dimensions and there is the formation of channels and holes in the substrate
(channels and holes step). Finally, through the "secondary” nucleation, channels

and holes will form a continuous film [105].
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Figure 20: Steps of forming a continuous film.

Figure 21: Schematization the formation of islands.

In the formation of a continuous film there are three types of growth that can occur
(see Figure 22): (1) Island growth (Volmer-Weber), (2) layer growth (Frank-van
der Merwe) and (3) a mixture of layer-island growth (Stranski-Krastanov) [106,
107]. These different types of growth are dependent on the affinity of the film
material to the substrate, the activation energy of diffusion and the binding

energies between film-film and film-substrate [107].
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Figure 22: Illustrations of the three types of thin film growth including (a) Volmer-Weber (island
growth), (b) Frank-van der Merwe (layer-by-layer growth), and (c) Stranski-Krastanov (mixed island-

layer growth) growth [108].

The growth of a film depends on nucleation and/or growth kinetics to determine
the coating structure. In the literature there are some theoretical models that try to
correlate the structure of the coatings observed with the deposition parameters.
These models are called structure zone models (SZM). Movchan and Demchisin, in
1969, defined three structure zones for very thick films made by evaporation (see
Figure 23) [109]. In this case, the parameter studied was the homologous
temperature (Tn). This parameter is defined as the film growth temperature
normalized (Ts) by the melting temperature (Tm) of the deposited film material (Tn
=Ts/Tm).
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Figure 23: Schematic representation for the structure zone model proposed by Movchan and
Demchishin. The micro-structure of the metal film is divided into three structure zones by the melting

temperatures T1 = 0.3 and T2 = 0.5 [109].

Thornton, in 1997, [110] published an SZM showing the film structure as the effect
of two important parameters: the homologous temperature and the argon
pressure (see Figure 24). With increasing inert gas pressure there is a shift of the
structure zones to higher temperatures. Thornton’s model was modified by
Messier [111], where the pressure axis is replaced by an ion energy axis, and “T”
refers to a transition zone that is unique when ion assistance is present (see Figure
24). Zone T is widened to lower temperatures at the expense of Zone I. This is

caused by an ion bombardment induced mobility of the surface atoms.

Figure 24: Schematic representation of Thornton's Model (left) and its modification by Messier (right).

Na Zone 1 (Th<0.3) the adatom mobility is low, leading to continued nucleation of

grains. In Zone T (between Zone 1 and Zone 2) there is a dense array of poorly
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defined fibrous grains without voided boundaries. In Zone 2 (0.3<Tx<0.5) there is
the formation of uniform columnar grains separated by distinct, dense, inter-
crystalline boundaries. With the increase of Ty increases the size of grains and may
extend all the way throughout the film thickness. In the last zone, Zone 3 (Trn>0.5),
there is the formation of dense films with large grains, with a bright surface

(recrystallized grain structure) [110, 111].
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CHAPTER IV

CHARACTERIZATION TECHNIQUES
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CHAPTER IV — CHARACTERIZATION TECHNIQUES

4.1 - INTRODUCTION

For a detailed knowledge of thin films and their photocatalytic and antimicrobial
properties, it is essential to study their characteristics. There are different
techniques to characterize these nanostructures, such as, crystalline structure
properties (X-ray diffraction), surface properties (scanning electron Microscopy

and Atomic Force Microscopy) and optical properties (UV-Vis-Nir Spectroscopy).

4.2 - STRUCTURAL PROPERTIES

4.2.1 - X-RAY DIFFRACTION (XRD)

X-Ray Diffraction (XRD) is a technique that is used to evaluate the crystalline

structure, preferential orientation and grain size of thin films.

For the structural analysis of thin films, it is typically used the x-ray diffraction
method with incidence angle. For this work, the grazing incidence method was
used to minimize the influence of the film-substrate interface, since the x-ray beam

crosses the film longitudinally instead of transversally.

The XRD technique is based on the diffraction of X-ray radiation interacting with
the atoms, of the material, that are in different crystallographic planes. The angle
of incidence is decoupled from the angle traveled by the detector and remains
fixed at small values. This ensures a low penetration depth and a large volume

irradiated [89].

X-ray wavelength is in the same order of the distance between atoms in a lattice;
with this parameter it is possible to observe the diffraction phenomenon, obtaining

information about the material that diffracts the radiation.
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The positions and the intensities of the peaks (which characterize crystalline
planes) are used for identifying the underlying structure (or phase) of the material
[112]. In Figure 25 it is possible to observe an example of a XRD result where it is

presented three diffractograms showing the peaks of the TiO; anatase phase.

Figure 25: Diffractograms of a XRD result of a TiOz sample [45].

The diffraction peak formation in a characteristic spectrum follows Bragg’s Law,
which mathematically expresses the condition that should exist between incident
angle, 6, and the distance between adjacent atomic planes, d, in order to have

constructive interference between diffracted waves [120]:

nA = 2dsenf (Equation 11)

Where A is the wavelength of X-ray incident radiation and n is an integer or

half-integer.

The beam intensity depends on the type of atoms or ions present in the
crystal and also on its position in the unity cell. Diffraction planes, distance

between them and electronic density of atoms along each crystalline plane, are
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specific and unique characteristics of each crystalline structure which make
possible the determination of inter-planar spacing and Miller indices (hkl), lattice

parameters and the lattice type on the sample (see Figure 26) [89].

Figure 26: Schematic of diffraction according to Bragg'’s law.

In this project, X-ray diffraction analysis was performed to investigate the TiO:
thin films in a Philips PW 1710 X-ray Diffractometer. Through this technique, it
was possible analyze the crystal structure of TiO; thin films such as, anatase, rutile

and brookite.

4. 3 - SURFACE PROPERTIES

4.3.1 - SCANNING ELECTRON MICROSCOPY (SEM)

Scanning Electron Microscopy (SEM) was first developed in the 1930s and
eventually commercialized in 1965. This technique uses a focused beam, of high
energy, to produce a variety of signals from the surface of the samples. These
signals reveal information about the sample as in its external morphology,
chemical composition, crystal structure and the orientation of the materials that

constitute the sample [121].
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SEM has many advantages compared to traditional microscopes. This technique
presents a very high resolution, so closely spaced specimens can be magnified at
much higher levels; also presents a large depth of field, which allows focusing
more than one specimen at a time. Once the SEM technique uses electromagnets
instead of lenses, the user has much more control of the degree of magnification.
All these advantages make the SEM one of the most useful and used techniques in

the research of various materials, as for example, in thin films [121].

In the SEM technique the image is produced using an electron beam instead of
visible light. This electron beam is formed on top of the microscope, which is given
the name of electron gun, and travel vertically in the microscope. This process is
kept under vacuum. The electron beam passes through different electromagnetic
fields and lenses that are focusing the electron beam toward the sample. When the
electron beam hits the sample, electrons and X-rays are ejected and then are
collected in the detectors, which convert the information received into electrical
signals generated, and this information is then sent to a computer screen, so we

can see the final image [122] (see Figure 27).

Figure 27: Image showing the Scanning Electron Microscopy equipment.
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Signals formed when the electron beam hits the sample are: the secondary
electrons (SE), backscattered electrons (BSE), diffracted backscattered electrons
(EBSD that are used to determine crystal structures and orientations of samples),
X-rays, visible light, and heat. These signals are represented in figure 28. To obtain
the SEM image is usually used the secondary electrons and backscattered
electrons. The SE are used to show the morphology and topography of the sample,
on the other hand the BSE are used to illustrate contrasts of the composition in

multiphase samples [123].

Incoming electron beam

Backscatter Secondary
electrons electrons

, ST~ Auger
) \ electrons

Sample

Figure 28: Signals generated by the incidence of the electron beam on the sample surface.

The X-rays formed by incidence of the electron beam on the sample will give
information on the elemental composition of the material. This analysis has the
name of Energy Dispersive X-ray (EDX), or EDS or EDAX. The data generated by
this analysis consist in a spectrum showing peaks corresponding to the chemical
elements constituting the composition of the sample. Figure 29 shows a typical
EDS spectrum of a sample of TiO;. The X-rays generated by interaction of the
electrons on the sample surface do not lead to volume loss of the sample this
makes the SEM a "non-destructive" technique. Thus, it is possible to analyze

samples more than once [124].
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Figure 29: Typical EDX spectrum of a sample of TiO2. When are present the respective peaks of
Titanium (Ti) and oxygen (0). The Carbon (C), Gold (Au) and palladium (Pd) peaks may also be
observed [113].

4.3.2 - ATOMIC FORCE MICROSCOPY (AFM)

Scanning probe microscopes (SPM) is defined as a group of techniques used to
image and measure properties of material, in chemical and biological surfaces.
Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM) are
the two primary techniques of SPM. The development of STM in Zurich by Binnig
et al [125], in 1982, received the Nobel Prize in Physics in 1986. This technique
allowed the detection of atomic scale features on a wide range of insulating

surfaces that include ceramic materials, biological samples, and polymers.

The operation mode of AFM is through a scanning, with a sharp tip (see figure 30),
across the sample. This tip may be made of Si or Si3N4, and is connected to a low
spring constant cantilever. An extremely low force (approximately 10-° N) is
applied in the cantilever and the tip is pushed against the sample as it raster’s.
Thus, there is a repulsive force between the tip and the sample or the actual tip

deflection, obtaining an analogue image of the sample surface [126].
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Figure 30: Different types of tips of the AFM technique.

The principle of this technique is illustrated in Figure 31. Firstly, the tip of the
cantilever is displaced (manually) near the surface of the sample and then, the
scanner makes a final adjustment in the distance between the tip and the sample
that is based on a set-point determined by the user. Then, the tip, in contact with
the sample surface, starts to scan the sample by action of a piezoelectric actuator,
by moving either the sample or the tip relative to the other. A laser beam, located
at the back of the cantilever-tip set is projected on the surface of the cantilever and
reflected to a photodiode, which will detect the small deflections of the cantilever.
The separation between the sample and the tip is maintained constant and there is
movement of the scanner in the z direction to maintain the set-point deflection. If
this doesn’t happen the tip would be trapped in the sample, even with small
topographical features. By Hooke's law (Equation 12) and maintaining a constant
separation between the tip and the sample is possible to calculate the force

between the sample and the tip [126, 127]:

=_K.X (Equation 12)

Where F is the force, K is the spring constant and x is the cantilever deflection.

Finally, the information, regarding the spatial variation of the x-y plane and forms

a topographic image of the sample surface, is stored in the computer.

Master Thesis - Carina Silva 47



Biological characterization of coatings based on titanium dioxide doped with
metallic elements for antimicrobial applications

Laser Diode
Position-sensitive
Photodetectar

Cantilever Spring

/g

Figure 31: Principle of operation of an AFM

With this technique it is possible to make measurements in three dimensions (x, y
and z) and thus display three-dimensional images of the sample surface (see
Figure 32). In good samples (clean, without excessively large surface features), the
resolution of the x-y plane varies between 0.1 and 1.0 nm and z direction is 0.01
nm (atomic resolution). The AFM technique does not require a vacuum
environment or any special sample preparation and they can be used in any
environment. This makes the AFM technique very advantageous and for these
reasons has a significant impact in the fields of materials science, chemistry,

biology, physics, and the specialized field of semiconductors [125-127].

Figure 32: Example of a result obtained after analysis by AFM technique [45].
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4.3.3 - CONTACT ANGLE

The contact angle can be defined in several ways. Qualitatively, a contact
angle is the macroscopic representation of microscopic phenomena. Microscopic
characteristics such as surface roughness, surface energies of the materials
involved, and surface coatings play a role in the wettability of a material for a given
fluid. Quantitatively, a contact angle is the interior angle formed by the substrate
being used and the tangent to the drop interface at the apparent intersection of all
three interfaces. This intersection is called the contact line. In Figure 33 it is
possible to see the tangent line and the contact angle of a liquid droplet on a

surface.

Figure 33: The angle between the tangent line at the contact point and the horizontal line of the solid
surface.

A static contact angle on a at surface may be defined by the Young Equation, using

interfacial surface tensions between solid and liquid, yg , solid and vapor, yg, , and
liquid and vapor, y,,, (Equation 13). Young's equation is essentially a balance of

forces in the horizontal direction. The contact angle may also be directly measured
to calculate the ratio of interfacial surface tensions if the interfacial surface

tensions are unknown.

Y1y C0SO =yg, — Vg (Equation 13)

Through the measurement of this angle it is possible to obtain information
of: (1) the affinity of the liquid to the solid surface, that is, when the angle is less

than 90 degrees the surface is hydrophilic and when the angle is greater than 90
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degrees the surface is hydrophobic (figure 34); (2) surface energy, if used different
liquids; (3) non-homogeneity of the surface (roughness, contamination, etc.), by of

the measurement of the hysteresis between the initial and final angle.

Figure 34: Formation of the angle through the contact between the sample surface and a liquid at the
three phase boundary: (a) high values of the 902 (6>9092), (b) low values of the 902 (6<902) and (c)
when the angle 6=902.

4.4 - OPTICAL PROPERTIES

4.4.1 - UV-VIS SPECTROSCOPY

Spectrophotometers were originally developed for the absorption measurement of
liquid samples. However, in recent years, spectrophotometers have been used to
measure the reflection, absorption and transmission of solid samples, such as
semiconductors, thin films, glasses and adsorbent materials [128]. The optical
properties of the materials depend on the interaction phenomena between light
and the material. Visible light is a very small component of the electromagnetic
spectrum and is the part that can be seen by the human eye. The electromagnetic
radiation wavelengths for the different spectral regions are: Ultra-Violet (UV)
radiation - 100 to 390nm, Visible (Vis) radiation - 390nm to 780nm and Near
Infra-Red (NIR) radiation - 780nm to 3200nm (Figure 35). The UV radiation of the
spectrum is divided into three regions: UV-A (315 - 400 nm); UV-B (280 - 315 nm)
and UV-C (100 - 280 nm) [129, 130].
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Figure 35: Electromagnetic spectrum. [130].

UV-Vis-Nir spectroscopy equipment has a light source that generates light at a
specific ~wavelength or wavelength ranges. Normally the UV/Vis
spectrophotometers use two light sources: a tungsten-halogen lamp and a
deuterium arc lamp. This light is directed to a dispersion device (prisms) causing
dispersion of wavelengths in different angles. After passing in the dispersion
device and have reached the sample of interest, it is received by the detector. In a
conventional spectrophotometer, polychromatic light from the monochromator is
transmitted through the sample, and the sample absorbance is determined by
comparing the intensity of the light hitting the detector with just a sample blank
with the intensity of light hitting the detector with the sample in place [131].

The intensity of the reference beam, which should have suffered little or no light
absorption, is defined as Io. The intensity of the sample beam is defined as I. If a
sample does not absorbs light at a given wavelength, I = Io. However, if the sample
absorbs light, the intensity I is less than Ip, and this difference may be represented
on a graph versus wavelength. Absorption may be presented as transmittance
(Equation 14) or absorbance (Equation 15) [132]. An example of a transmittance
spectrum is shown in Figure 36.

[ (Equation 14)

A=-log,, T (Equation 15)
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Figure 36: Transmittance spectrum of TiO2 and Fe-TiO2 samples [55].

The principal characteristic of the transmittance spectrum is the presence of
interference fringes that result from multiple reflections in the inside of the thin
film (see Figure 37). Through the position of the maxima and minima, obtained by
oscillations in the graph, it is possible to calculate approximately the thin film
thickness using the following equation [133].

d= AA, (Equation 16)
- 2n(h, - )

where 4,4, are two maxima or two minima consecutive and Nis the

refractive index of the thin film. In the case of the TiO, thin film it was used the

refractive index of the 2.40 (pure TiOz) [134].

Figure 37: Schematic representation showing the incidence of light on a sample. When light meets an
interface, a portion of it will be reflected, and the rest will pass into the incident medium and get
refracted.
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CHAPTERYV

MATERIALS AND METHODS
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CHAPTER V - MATERIALS AND METHODS

5.1 - THIN FILMS PRODUCTION

TiO; thin films, pure or doped with iron and silver, were deposited by DC reactive
magnetron sputtering on cotton and glass substrates by using a deposition system

designed in the Department of Physics, at the University of Minho.

Five main parts compose the deposition system: deposition chamber, a vacuum
system, a gas flow control system, an electrical system and a control unit (Figure
38). The deposition chamber is composed of a stainless steel reservoir and its base
is made of the same material. The top of this reservoir is removable and inside it
there is a circular magnetron, which allows the fixing of a target (in this case, a
pure titanium target). The magnetron is cooled by water flow during the
sputtering process (see figure 38). In the chamber there is also a shutter that

allows the performing of pre-sputtering processes.

Substrate /
Substrate holder

/ Deposition chamber
0, i 7 Pressure gauge

Roughing valve

High vacuum Vent valve

valve

Backing valve

Water
flow tubes

Diffusion pump

Rotary mechanical
pump

Figure 38: Representative scheme of the reactive magnetron sputtering system used to produce TiOz
based thin films (left) [45]. Photographic image of the system (right).
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The deposition chamber has several gases inlets that allow the entry of the
working gas (argon), reactive gas (oxygen), among others. The power supply used
in this work is a Huttinger’s PFG 2500DC, the pressure regulator is a Bronkhorst
Hi-Tec Type E-FA-55M and the temperature controller is a Shimaden SR53 (see
Figure 39).

(a) (b
)

()

Figure 39: (a) Image of the inside of the deposition chamber; (b) Electrical system and a control unit;

(c) Deposition gases.

The target used was titanium with a purity of 99.9% and a total surface area (TA)
of 7854 mm?. Thin iron and silver pieces (5mm/3mm) with purity of 99.9%, were
placed on the titanium target (diameter = 7,5 cm), in order to promote the film

doping effect.

First the chamber needs to achieve a primary pressure of 1 x 102 mbar. Then it
reaches a base pressure lower than 3 x 10-> mbar. After that base pressure is
achieved, a 99.9% pure argon and 99.5% pure oxygen gas sputtering, was
introduced into the chamber with a constant current of 1.00 A or 0,45 A. For

different thicknesses of thin films were made changes in the deposition time.
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The deposition parameters used for the production of TiO2 thin films, Fe- and Ag-
doped TiO: thin films are listed in Table 1, 2 and 3, respectively (12 part of this
work). In the Table 4 is represented the deposition parameters for the production

of TiOz thin films used for the 22 part of this work.

Table 1: Sputtering deposition parameters for the TiO: thin films samples.

PARAMETER VALUES
Base Pressure (mbar) 3,1x10-5
Working Pressure (mbar) 1,5x10-2
Deposition time (min) 60 120 180
Oxygen flow (sccm) 7
Argon flow (sccm) 20
Target Current (A) 1,00
Voltage (V) 490
Potency (W) 490
Reverse time (ps) 5
Frequency (kHz) 25
Designation TiOz 1h TiO2 2h TiOz 3h

Table 2: Sputtering deposition parameters for the Fe-TiO: thin films samples.

PARAMETER VALUES
Base Pressure (mbar) 3,1x10-5
Working Pressure (mbar) 1,5x10-2
Deposition time (min) 60 120 180
Oxygen flow (sccm) 7
Argon flow (sccm) 20
Target Current (A) 1,00
Voltage (V) 456
Power (W) 456
Reverse time (Us) 5
Frequency (kHz) 25
Designation Fe-TiO2 1h  Fe-TiO2 2h  Fe-TiO2 3h
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Table 3: Sputtering deposition parameters for the Ag-TiO: thin films samples.

PARAMETER VALUES
Base Pressure (mbar) 3,1x10-5
Working Pressure (mbar) 1,4x10-2
Deposition time (min) 60 120 180
Oxygen flow (sccm) 7
Argon flow (sccm) 20
Target Current (A) 1,00
Voltage (V) 486
Power (W) 486
Reverse time (ps) 5
Frequency (kHz) 25
Designation Ag-TiO2 1h  Ag-TiO22h  Ag-TiO2 3h

Table 4: Sputtering deposition parameters for the TiO: thin films samples.

PARAMETER VALUES
Base Pressure (mbar) 5x10-5
Working Pressure (mbar) 2.3x10-3 3.7x10-2 2.3x10-3 2.4x10-2
Deposition time (min) 30 120
Oxygen flow (sccm) 2
Argon flow (sccm) 5 30 5 30
Target Current (A) 0,45
Voltage (V) 526 400 529 433
Power (W) 237 180 238 194
Reverse time (Us) 2
Frequency (kHz) 100
Designation All Al4 A15 Al17

5.2 - THIN FILMS CHARACTERIZATION

The crystal structure of the films was determined using X-ray diffraction (XRD)
with a CuKa radiation source in a Philips PW 1710 BASED diffractometer (Figure
40).
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Figure 40: Diffraction system used to determine the structural properties of the produced TiO:z thin
films.

The surface morphology of the thin films was studied by using a Scanning Electron
Microscopy: NanoSEM - FEI Nova 200 (FEG/SEM); EDAX - Pegasus X4M
(EDS/EBSD) (Figure 41).

Figure 41: Scanning Electron Microscopy used to study surface properties of thin films.

The surface roughness of the samples was studied by using an Atomic Force

Microscope (AFM): Veeco Metrology Multimode / Nanoscope IVA (see Figure 42).

Figure 42: Atomic Force Microscopy used to study roughness of thin films.
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The optical transmission spectra of the thin films were measured with a Shimadzu

UV-310PC Scanning Spectrophotometer.

The photocatalytic activity of TiOz thin films, Fe- and Ag-doped TiO> thin films was
evaluated by measuring the absorption spectra of methylene blue (C16H18CIN3S)
aqueous solution in function of time irradiation of UV light. The reaction product,
which results from the photocatalytic degradation of methylene blue (MB), are
mainly composed by carbon dioxide (CO:), nitrates, sulfates and water. The

reaction can be described as follows:

C,,HsN,S" +25.50, = 16CO, +3N; +S0* +6H" +6H,0 (Equation 17)

Since methylene blue presents an initial strong blue color, when it undergoes
degradation by the action of the semiconductor material will lose its color over
time. The initial concentration of MB solution used in this study was 5 mg/L. TiO>
coated specimens were placed in a container filled with 50 mL MB solution and
irradiated in a perpendicular direction with a lamp of the UV light (with a power of
12W/m?). To measure the absorbance over time, MB aliquots of about 3mL were
removed and introduced into quartz cells for the absorbance measurements. The
absorbance of the solution was measured at intervals of 30 min up to 240 min by
UV-visible spectrophotometer for a range of wavelength between 350 and 700nm.
A decrease in absorbance of the solution indicates the decomposition of MB by

TiO; photocatalysis effect.

5.3 - ANTIMICROBIAL ACTIVITY

Our main goal was the production of thin films that exhibit the capability to inhibit
the growth or eliminate microorganisms, due to their high photocatalytic effect,

thereby presenting antimicrobial characteristics.

The microorganism used in this study was Escherichia coli HB 101, which was

tested under different conditions of thin films, such as, TiOz, Fe-TiO2 and Ag-TiO>
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thin films, all at different deposition times, 1hour, 2hours and 3hours. To study the
effect of these thin films on bacterial growth, experiments were performed in
liquid medium (LB) and growth curves over time were obtained, which are
presented in the 1st part of the results. The behavior of E. coli HB 101 was also
studied in solid medium in contact with ultra-thin TiO: films by counting colony-

forming units (CFUs). This study can be seen in the 2nd part of the results.

5.3.1 - Test in liquid medium

To obtain the pre-inoculum the E. coli HB 101 strain was grown in sterile
conditions in an 500mL Erlenmeyer flask containing 50 mL of LB culture medium
(1% w/v bactotriptona, 0.5% w/v Yeast Extract and 1% w/v NaCl), at pH 7. The
culture was incubated at 37 2C with agitation of 180 rpm for 24h.

The TiOz, Fe-TiO2 and Ag-TiO; coatings were sterilized in 70% ethanol for 1 hour.
Then the whole procedure was performed in a laminar flow hood to keep all the
material sterile. After sterilization, the coatings were four times washed with
deionized H20 and with the aid of forceps they were passed through the flame.
Afterwards, the samples were placed in 250mL Erlernmayer flasks duly marked,
and with 50 mL of LB culture medium. E. coli was inoculated into each flask
[Optical Density (OD) = 0,295] and the flasks were incubated at 37°C with agitation
of 80 rpm. Aliquots of 1 mL were taken every hour for quartz cells and the
absorbance was measured at a wavelength of 640nm. This procedure went on
during approximately 24hours. A flask with E. coli only without any coating was
used as a control. The percentage of growth inhibition in the different conditions

was calculated against the growth obtained in the control culture.

5.3.2 -Test in solid medium

For this test the strain E. coli HB 101 was also used. The preparation of the bacteria
pre-inoculum was performed as described above. The TiO; coatings were sterilized
with 70% ethanol during 1h. Then, in a laminar flow hood, the thin films were

washed with deionized H20 (4 washes) and placed in sterile petri dishes with the
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TiO; coating facing upwards. After successive decimal dilutions, 1 mL of the E. coli
culture was inoculated on top of the coatings and the petri dishes were placed
under UV irradiation for 2 and 4 hours. Then, 40uL of the E. coli culture were
removed and plated on petri dishes with solid LB medium. All the plates were
sealed, duly identified and incubated at 3792C overnight. After 24 hours of

incubation the plates were photographed.
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CHAPTER VI

RESULTS AND DISCUSSION
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CHAPTER VI - RESULTS AND DISCUSSION

In this chapter the results will be divided into two parts. The first part aimed the
study of TiO: thin films and it's doping with Fe and Ag. The second part
corresponds to the optimization of deposition conditions by varying some process
parameters in order to produce thinner thin films with enhanced crystalline
properties. These characteristics are very important since it is anticipated that the
TiO2 based thin films will be applied to textile substrates and it is fundamental that
the fabric malleability, and thus its intrinsic comfort conditions, should be

guaranteed.
1st Part - Preliminary Tests

6.1 - X-RAY DIFFRACTION (XRD)

The analysis by XRD allows the evaluation of the TiO: crystalline structures. The

diffractograms of some samples are shown in the following figure.

Figure 43: X-Ray Diffraction Spectra of TiOz thin films and Fe - and Ag - doped TiO: thin films by the
Bragg Brentano method.
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When comparing the XRD results of the TiO2 based thin films deposited during 3
hours and the bare cotton substrate (obtained by using the Bragg Brentano
method), it is clear that non-additional crystalline peaks were detected. None of
the characterized samples shows crystalline structure; therefore, the samples are

amorphous.

6.2 - MORPHOLOGICAL CHARACTERIZATION OF THE THIN FILMS

The Scanning Electron Microscope (SEM) was used in order to study the
morphology of the TiO; thin films. By using this technique it was not only possible
to evaluate the surface morphology of the thin film but also its thickness through
the observation of the cross section micrographs. Figure 44 shows the surface SEM

micrographs and EDX spectrum of TiO2 thin films deposited during 1 and 3 hours.

(c)

(H)

Figure 44: Surface SEM micrographs of TiO: thin films deposited with different deposition times: 1
hour (a) magnification of 50 000x, (b) magnification of 200 000x and (c) EDX spectrum; 3 hour (d)
magnification of 50 000x, (e) magnification of 200 000x and (f) EDX spectrum.

The SEM micrograph corresponds to a magnification of 50.000x and 200.000x for

the all samples. To evaluate the chemical composition of the samples, it was
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performed an EDX analysis. Both samples, produced by using different times,
present a similar surface morphology. However, some differences can be
highlighted: the sample obtained by using a higher deposition time (3 hours)
apparently seems to have a more heterogeneous surface. In addition, when
comparing the EDX spectra it is clearly observed the presence of Ti but the peaks
intensities are different. In fact, the most intense Ti peak is observed for the
sample produced during 3 hours (Fig. 44f), which anticipates that, this sample as a
higher thickness. The presence of a high intensity Si peak in Figure 44 (c) (TiO2
thin oxide thin film deposited during 1hour) may arises from the contribution of
the substrate since this sample corresponds to the thinner thin film.

The AFM technique was used to analyze the surface topography of the produced
samples. Figure 45 shows the AFM images of the samples produced by using two

different deposition times.

(b)
Ra=1,14 nm X 0,5 pm/div
Rms = 1,83 nm Z 150,0 nm/div
(d)
Ra=9,91 nm X 0,5 pm/div
Rms = 12,4 nm Z 150,0 nm/div

Figure 45: AFM images of the TiO2 thin films produced by using different deposition times: 1hour (a)
2D; (b) 3D and 3hours (c) 2D; (d) 3D.
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It is possible to observe that the both samples present homogeneous surfaces with
typical characteristics of amorphous structures. By another hand, it is possible to
infer that the sample deposited during 3 hours presents a higher surface
roughness (9.91nm) in comparison with the one obtained by using 1 hour (1.14
nm). In fact it is expectable that the surface roughness should increase as the

random-like heterogeneous structures growth larger.

As explained during the experimental procedure section, the same deposition
times were used to deposit Fe- and Ag- doped TiO: thin films. Figure 46 shows the
surface SEM micrographs and EDX spectrum of Fe- doped TiOz2 thin films.

(c)

(H)

Figure 46: SEM micrograph and EDX spectrum of Fe- doped TiO: thin films produced with different
deposition times: 1 hour (a) magnification of 50 000x, (b) magnification of 200 000x and (c) EDX
spectrum; 3 hour (d) magnification of 50 000x, (e) magnification of 200 000x and (f) EDX spectrum.

In what concerns the Fe-doped TiO; thin films (see Figure 46), it is possible to
observe that when using a deposition time of 1 hour, the sample presents a non-
homogeneous surface. In fact, there is a variation of the particles size and the
presence of some cracks on the surface (see figure 46 (b)). With increasing the
deposition time (3hours), the surface has changed drastically; becoming more
uniform but still presenting a random-like structure with different size particles. It

seems that there is also the presence of clusters formation (see figure 46 (e)).
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By EDX analysis, it was possible to verify the presence of oxygen and titanium as
well as iron, as already expected (see Figure 46 (c) and (f)). The oxygen quantity in
both samples is very similar (27.36% and 27.62% for samples produced during 1
and 3 hours, respectively). Moreover, the amount of Ti element almost doubled
(24.86% and 47.19% for samples produced during 1 and 3 hours, respectively). In
addition, the differences in iron amount are also obvious: for the sample produced
with the shortest deposition time (Figure 46 (c)) it presents a Fe quantity of about
5.90%, while the sample obtained with higher deposition time (Figure 46 (f)) has a
Fe quantity of 10.85%.

Figure 47 shows the AFM images of the Fe- doped TiO: thin films produced by

using two different deposition times.

(b)
Ra=2,10 nm X 0,5 pm/div
Rms = 4,03 nm Z200,0 nm/div
(d)
Ra=26,7 nm X 0,5 pm/div
Rms = 33,0 nm Z200,0 nm/div

Figure 47: AFM images of the Fe-doped TiO2 thin films produced by using different deposition times:
1hour (a) 2D; (b) 3D and 3hours (c) 2D; (d) 3D.

As can be observed from the results presented in the last figure, the TiO; thin film
seem to become rougher with the increase of the deposition times (see Figure 47

(a) and (c). In fact, by increasing the deposition time it seems that there exists
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agglomerate-like structures with higher dimensions. The unorganized structures

have a random size distribution.

As the deposition occurs, it is expected that the iron ions substitute the ions
forming the crystal structure of TiO2. The ionic radius determines the position of
the dopant in relation to the host Ti**. The radius of Fe3* ions is 0.645A while the
ionic radius of Ti** is 0.605A. Thus, it is energetically favorable than the Fe3* ions
occupy the sites of Ti**, due to its ionic radius being so close [45]. However there
may be formation of an iron oxide surface, since iron concentrations can be much
greater than its solubility in TiO2, and so there is the formation of bigger particles

and particle clusters, increasing the samples surfaces roughness.

In what concerns samples produced by doping TiO: thin films with Ag, in Figure 48

are presented their SEM micrographs.

(c)

(H)

Figure 48: SEM micrograph and EDX spectrum of Ag- doped TiO: thin films produced with different
deposition times: 1 hour (a) magnification of 50 000x, (b) magnification of 200 000x and (c) EDX
spectrum; 3 hour (d) magnification of 50 000x, (e) magnification of 200 000x and (f) EDX spectrum.

As can be inferred from the last figure, the samples doped with Ag and with a
deposition time of lhour showed a best uniformity and homogeneity when

compared with the remaining samples. As one can see in Figure 48 (a), the sample
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surface is very smooth and regular, but it is possible to observe some cracks when
the sample is observed with a magnification of 200 000x. With increasing the
deposition time it can be seen that the sample surface presents some changes. In
Figure 48 (c) it is possible to visualize the presence of random-like structures with

a larger size and became rougher with the formation of particles agglomerates.

By observing EDX spectra it is possible to detect the presence of oxygen and
titanium peaks in both samples, which indicates the formation of TiO;. In the
sample of Ag- doped TiO; thin films produced during 1h it was obtained a quantity
of 28.90% of oxygen and 27.29% of titanium. One the other hand, in the samples of
Ag-TiO2 3h there was an increased quantity of oxygen and titanium, 36.23% and
57.91% respectively (see figure 48 (c)). Regarding the Ag amount there was a
reduction with increasing deposition time: in the sample produced during 1 hour
the quantity of Ag was 12.89% while in the sample produced during 3 hours was
4.01%. This decrease in Ag can be related to the amount of silver present in the
titanium target, in the deposition chamber. As deposition occurs over time, the Ag
pieces will be exhausted and after a deposition of 3 hours, the amount of Ag may

have been spent before completing the deposition.

Figure 49 shows the AFM images of the Ag- doped TiO thin films produced by

using two different deposition times.
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(b)

Ra=12,8 nm
Rms = 15,7 nm

X 0,5 pm/div
Z200,0 nm/div

(d)

Ra=13,4 nm
Rms = 16,8 nm

X 0,5 pm/div
Z200,0 nm/div

Figure 49: AFM images for samples Ag- doped TiOz2 thin films produced by using different deposition
times: 1hour (a) 2D; (b) 3D and 3hours (c) 2D; (d) 3D.

On the contrary of what occurred to the TiO thin films and TiO; thin films doped

with iron, for the Ag- doped TiO: thin films the roughness has not increased

significantly with the increase of deposition time. This fact can be related with the

fact that the Ag pieces have been spent during the deposition.

In table 5 is presented a summary of the roughness values for all the produced

samples.
Table 5: Roughness values for all the produced samples.
Thin Films Roughness (nm)
Tio 1h 1.14
i
z 3h 9.91
Fe-TiO 1h 2.10
e-Ti
? 3h 26.7
Ap-TiO 1h 12.8
-Ti
g 3h 134
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[t is important to mention that the high roughness value of the Ag- doped TiO> thin
films produced during 1 hour (when compared with the samples deposited during
the same time) can be related with an incorrect experimental procedure with
which was not possible to avoid the occurrence of some arcs discharge that may

contribute for a higher degree of metallic sputtering Ag particles.

From the cross-section SEM micrographs of the TiO; thin films deposited during 1
hour (Figure 50) it is possible to observe that the sample has a thickness of about
395 nm. Moreover, these results are in agreement with the ones presented in

Figure 44 (surface micrographs) where no organized structures were detected.

Figure 50: Cross-section SEM micrograph of TiOz thin films produced during 1h.

Figure 51 shows the cross-section SEM micrographs of the Fe- doped TiOz thin

films produced for the different deposition times.

Figure 51: Cross-section SEM micrographs of Fe- doped TiO: thin films deposited during (a) 1 hour and
(b) 3 hours.
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Figure 52 presents the cross-section SEM micrographs of the Ag- doped TiO: thin

films produced during 3 hours.

Figure 52: Cross-section SEM micrographs of Ag- doped TiO: thin films deposited during 3 hours.

From the cross-section SEM micrographs of Fe- and Ag- doped TiO: thin films
(Figure 51 and 52, respectively) it can be concluded the samples do not present a
well-defined columnar structures, thus evidencing an amorphous structure.
Moreover, it is important to state that the obtained deposition rate were similar

for all the produced samples (about 7nm/min).

6.3 - OPTICAL SPECTROPHOTOMETRY

The optical properties of TiO; based thin films were studied by measuring the
transmittance spectra in a wavelength range from 300 to 850 nm. In Figure 53 are
presented the transmittance spectra of the TiOz thin films, Fe- and Ag-doped TiO>

thin films produced with different deposition times (1, 2 and 3 hours).
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(a)

(b) (c)

Figure 53: UV-Vis transmittance spectra of: (a) TiO: thin films, (b) Fe-doped TiO2 thin films and (c) Ag-
doped TiO2 thin films produced with different deposition times.

The TiO2 based thin films are transparent in the visible region of the
electromagnetic spectrum and its transmittance spectra present a sharp decrease
in the UV region (thus indicating that the thin films may have a high absorbance in
this region). In addition, in the visible region it is possible to observe the
characteristic waveforms from the light interference [55]. From all the
transmittance spectrum of the samples is possible to observe that the number of
waveforms increases with increasing of the deposition time, making the spectrum
with bands closer to each other. This was already expected since the amount of

waveforms from light interference is directly related with the films thickness.

Through the maxima and minima of the waveforms is possible to obtain the
thickness of the thin films. Using the Equation 16 it was possible to determine the
thicknesses for all the samples. In Table 6 is presented a summary of the obtained

results.

Table 6 - Summary of the calculated thicknesses for all the produced samples.

THIN FILMS THICKNESS (nm)

TiO, 1h ~498
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TiO, 2h ~1105

TiO, 3h ~1586
Fe-TiO; 1h ~525
Fe-TiO; 2h ~927
Fe-TiO 3h ~1565
Ag-TiO; 1h ~562
Ag-TiO; 2h ~1048
Ag-TiO; 3h ~1513

When comparing the transmittance spectrum of TiOz thin films with the doped
ones, it is possible to observe a more pronounced change for the samples

deposited during 3 hours (see Figure 54).

Figure 54: UV-Vis transmittance spectra of TiO: thin films, Fe- and Ag- doped thin films deposited
during 3 hours.

There are significant changes in comparison to the transmittance spectra of TiO>
and the Fe-doped TiO2. These changes are more pronounced for thin films where
the deposition time was higher (3hours). The observed changes are not very
relevant when TiOz is doped with silver. It may be necessary a higher
concentration of Ag-ions for the dopant effect could be manifested, since it should
not be forgotten that the amount of Ag content in the sample deposited during
3hours was lower than the one measured for the sample produced during 1hour

(see EDX spectra in the figure 48). However, it was expected an increase of the
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radiation absorption in the visible range when TiO2 is doped with silver. In fact, Ag
particles can act as electron traps, aiding electron-hole separation and inducing a
local electric field capable of easing the electron excitation [114]. On the other
hand, in the Fe-doped TiO2 samples, it is possible to observe that the absorption
edge presents a pronounced shift for higher wavelengths. This red shift has been
attributed to the excitation of 3d electrons of Fe3* to the conduction band. This is a
great advantage of TiO2 doping with iron because the main purpose of this doping
is to extend the light absorption edge for the visible spectrum region so it can be

possible to use the an higher amount of the visible light spectrum [115].

6.4 - PHOTOCATALYTIC ACTIVITY

The photocatalytic effect of TiO2, Fe-and Ag-doped TiO> thin films was evaluated by
measuring the absorbance spectra of an methylene blue (MB) aqueous solution
over time since it is expected a in the absorption maxima as a consequence of the
photodegration of the dye. In figure 55 is presented the typical absorption
spectrum of MB being photodegraded by the action of the Ag-doped TiO>

photocatalyst under UV irradiation.
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—30min.
60min.

0,6100
—90min.
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120min.

150min.
0,5900

180min.

210min.

240min.
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0,5500 .
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Figure 55: Absorption spectra of the MB aqueous solution over time under UV irradiation the
photocatalytic action of Ag- doped TiO: thin films deposited during 1 hour.
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The methylene blue has, as the name indicates a blue color, and over time it
becomes colorless, thus indicating the occurrence of chemical redox reactions on

the surface of the photocatalyst.

The analysis of the absorption spectra for the different irradiation times allowed
the determination of the yield (n) and photodegradation rate (k). The
photodegradation yield can be determined by using the next equation:
_ (AO - A) (Equation 18)

n= T

where Ay is the maximum absorbance at time zero (t = 0) and A; is the maximum
absorbance on the absorption spectra of the methylene blue solution, over time (i
= 30, 60, 90, 120, 150, 180, 210 and 240 minutes). By analyzing the absorption
spectra is it also possible to determine the photodegradation rate constant (k). It is
known that, for low concentrations, the absorbance (A) can be related to the

solution concentration by the Beer-Lambert law (Equation 19):
A=¢lc (Equation 19)

where € is the molar extinction coefficient, / is the light path length through the
quartz cell, and c is the concentration of the absorbing compound in the solution.

The parameters, € and | are constant, then:

(Equation 20)

A_C
A C

0

where Ag = Cp is the maximum absorbance at the time zero (t = 0). Through the

linear equation of the type y = mx + b, we have:

Equation 21
In(£)=—kt (Eq )

0

The photodegradation rate constant (k) can be calculated from the slope of the

linear fit of the experimental values [116].
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In Figure 56 are presented the results of the photodegration yield and the

corresponding photodegradation rate constant for all the produced samples.

(@)

(b)

(©

Figure 56: MB photodegradation yield and k values under UV irradiation and the action of (a) TiOz, (b)
Fe- doped TiO2 and (c) Ag-doped thin films.

Additionally, in table 7 are summarized the calculated k values and

photodegradation yield for all the produced samples.
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Table 7: Values obtained of the yield (%) and the rate constant of photodegradation in different
coatings.

Thin Films Photodegradation yield (%) k (min1)
TiO; 1h 5.36 1.68x10*
TiO; 2h 5.73 2.25x104
TiO; 3h 10.69 4.25x10+

Fe-TiO; 1h 6.19 2.55x104

Fe-TiO; 2h 7.55 2.96x10

Fe-TiO; 3h 7.44 2.25x104

Ag-TiO; 1h 8.88 3.45x10+

Ag-TiO; 2h 9.69 3.30x10*

Ag-Ti0O2 3h 6.77 2.17x104

As can be inferred from the presented results, the photocatalytic activity of the
TiO; based thin films is quite low (not higher than 11%). This behavior is
undoubtedly due to the fact that all the samples do not have any crystalline nature.
Due to equipment limitations, during the execution period of the experimental
work it was not possible to add the contribution of a visible lamp in order to study
the effect of visible irradiation on the photocatalytic yield and k values. In this
sense, both the photocatalytic yield and k values are the same order of magnitude

for the Fe- and Ag- doped TiO2 thin films.

Nevertheless, for the TiO: thin films doped with iron it can be perceived a slightly
increase of the photocatalytic activity compared to un-doped TiOz thin films. This
small increase may be due to the transmittance red shift into the visible region
(see Figure 54). Thus, this photocatalytic effect occurs due to the fact that the
equipment box was not completely sealed and some of the ambient light could

enter and may be slightly absorbed by the photocatalyst material.

6.5 - ANTIMICROBIAL ACTIVITY

The antimicrobial activity of the TiO; based thin films deposited on cotton
substrates was tested by growing E. coli HB 101 in the presence of the produced
thin film samples that had been previously UV irradiated. The growth curves
obtained in the absence and in the presence of TiOz and Fe-doped thin films are

presented in Figure 57.
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Figure 57: E. coli HB 101 growth curves obtained in the presence of (a) TiO:z thin films and (b) in the
presence of Fe-doped thin films.

From the results presented in the figure, it is possible to conclude that the curves
are very similar in all the experimental conditions. These observations indicate
that the presence of the different thin films do not have a direct effect on the
growth of this E. coli strain in the conditions tested.

This absence of antimicrobial activity might have happened because these thin
films were not continuously irradiated with UV light. As it is known, when TiO: is
irradiated with UV light, the electrons of the valence band absorb the UV energy
and are promoted to the conduction band, forming (e-/h*) pairs. These forming (e
/h*) pairs are responsible for the redox chemical reactions and react with H20 and
02 leading to the formation of ROS species. These ROS can cause bacteria death
[76]. However, the aforementioned process did not fully occurred and, it can also
be concluded that TiO; itself is not toxic to the bacteria under our experimental
conditions.

Doping with Fe caused a shift of the absorption edge for visible region of the
electromagnetic spectrum and, consequently, the majority of visible light spectrum
can be used for the photocatalysis and antimicrobials processes.

The growth curves of E. coli HB 101 when incubated with Ag-doped thin films are

presented in Figure 58.
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Figure 58: E. coli HB 101 growth curves obtained in the presence and in the absence of Ag-doped
thin films.

Contrarily to what was observed in the above-referred experiments, the TiO; thin
films doped with Ag showed a strong antimicrobial effect. With these samples the
inhibition of bacterial growth is clearly evident. As it can be seen in Figure 58, for
all the samples, a complete growth inhibition is observed. Over the time it was
observed that the bacteria maintained its initial concentration (A~0.1), that is, Ag*
ions only did not allow the bacteria division. The bacteria, which remained alive
over time, may have used nutrients and energy available not to divide but to stay

alive against the Ag* ions.

Several studies were done to explain the inhibitory effect of silver on bacteria
growth [8, 22]. Silver has a well-known bactericidal capability per se. The
antibacterial activity of silver is known to be due to Ag* ions, which strongly bind
the tiol groups present in the bacteria cell membrane, leading to the inactivation of
the proteins, destroying the cell by rupturing the wall. Moreover, silver ions can
interact with the bacteria’s DNA preventing cell reproduction [117-119]. In silver
nanoparticles exist the release of Ag® atoms and the chemical species, Ag* ions and
Ag? atoms, increase the generation of ROS (Equations 22, 23 and 24), causing the
rapid death of the microorganisms [46, 117]. The silver present in TiO; thin films
also plays an important role in the oxide surface. This metal strongly influences
charge separation upon light absorption and Ag* ions can change the

characteristics of the TiO surface locally, which can cause measurable variations
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in the point of zero charge (PZC), altering in this way the adhesion of the

microorganism in the surface of the oxide [117].

Ag +0; — Ag° +0, (Equation 22)
Ag° +0; — Ag' +022— (Equation 23)
H,0, +Ag® — HO™ ++OH +Ag' (Equation 24)

Firstly, the Ag loading amount and the TiO; active sites are the two essential parts
for the photocatalytic activity of Ag/TiOz. The higher electron-hole recombination
inhibition is achieved at higher Ag loading rate according to Schottky barrier
formation. And the increasing of Ag loading will increase the O adsorption to
produce more reactive oxygen species (ROS) for photooxidation. However, on the
contrary, the excess of Ag loading on TiO2 surface could reduce the active sites,
which could reduce the photocatalytic activity of Ag/TiO;. Therefore, it is
important to load Ag on TiO; surface while maintaining sufficient active sites

[135].

2nd Part - Optimization of DC Magnetron Sputtering Process
Parameters: Production of ultra-thin TiO: thin films

In this section we used the nomenclature of A11, A14, A15 and A17 to identify the
developed TiO; thin films so that the results can be better understandable.
Although the deposition parameters were previously presented in the table 4 of

Chapter V in table 8 it is emphasized the main sputtering conditions that were

used in this optimization step.

Table 8: Sputtering deposition parameters for the TiO: thin films samples.

Argon Flow Deposition time Working Pressure
Samples
(sccm) (min) (mbar)
Al1 5 30 2.3x103
Al4 30 30 3.7x10-2
A15 5 120 2.3x103
A17 30 120 2.4x10-2
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6.6 - METALIC TO OXIDE MODE

In DC reactive magnetron sputtering there are three oxidation modes as a function
of the reactive gas flow (02): at a low gas flow there is the sputtering of metallic
mode, compound mode at high gas flow and the transition mode in which the
target changes from metallic to compound mode. The degree of oxide coverage on
the target is represented by these different modes. Figure 59 shows the discharge
voltage achieved as a function of oxygen flow during reactive magnetron

sputtering for different argon flow rates (5sccm, 15sccm and 30sccm).

Figure 59: Discharge voltage at different oxygen flow for three different argon flow rates (5sccm,
15sccm and 30sccm) during DC reactive magnetron sputtering (discharge current was 0,45 A, reverse
time was 2|is and frequency was 100kHz).

Working at a constant current (0.45 A), the discharge voltage increased as the
oxygen flow increased from zero up to the threshold. For the processing conditions
using argon flow rate of 5sccm, 15sccm or 30sccm, the threshold occurs at 2sccm,
2sccm and 1.5scecm of oxygen flow, respectively. This demonstrates a reduction of
the metal area being sputtered due to the coverage of oxide on the metallic target
[45]. After that, the target voltage decreased to a stable value corresponding to the
compound-sputtering mode in which a transparent TiO; film is expected to form
on substrate surface. For 0.5sccm oxygen flow, the discharge voltage varied from
272V (for an argon flow of 30sccm), to 375 V (for an argon flow of 15sccm), and to

483 V (for an argon flow of 5sccm). It should be noted that, under an argon flow of
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30sccm, the oxide formation should occur sooner for smaller values oxygen flow
(1.5sccm), when compared with an argon flow of 5sccm and 15sccm. When the
argon atoms are injected into the chamber and the Ar*impinges the target surface,
titanium atoms are ejected. These atoms, when in contact with the oxygen ones can
lead to the formation of titanium oxide and then condense on the substrate to form

the TiO> thin film.

6. 7 - XRD - X-Ray Diffraction

Figure 60 shows the X-ray diffraction (XRD) spectrum of the TiO; thin films

produced in this second part of the work.

Figure 60: XRD Diffraction of TiOz thin films by the Bragg Brentano method.

The crystalline phases can be confirmed by the presence of (101), (004) diffraction
peaks, in the case of anatase phase and (110) for the rutile crystalline phase. It
should be pointed out that the process parameters have an important influence in
the crystalline nature of the produced TiO; thin films. In fact, when comparing
these results with the ones obtained in the first part we can conclude that strategy

was successfully performed. However, more efforts should be make in future
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works to increase the crystallinity of the samples. Nevertheless, a conclusion may
be drawn: the working pressure as well as deposition time has a significant

influence on the attained crystal polymorph.

6.8 - MORPHOLOGICAL CHARACTERIZATION

The TiO2 coatings have been analyzed by SEM and AFM techniques in order to
observe and study the surface structure, morphology, thickness and roughness.
Figure 61 shows the surface and the cross-section SEM micrographs of the samples
A1l and A14 produced with an argon flow rate of 5 and 30 sccm during 30

minutes, respectively.

Figure 61: SEM micrograph for TiO2 samples with 30minutes of the deposition time in different argon
flow: A11 - 5sccm (a) magnification of 50 000x, (b) magnification of 200 000x and (c) cross section;
A14 - 30 sccm (d) magnification of 50 000x, (e) magnification of 200 000x, (f) cross section and (g)
detail of the thin film morphology - A14. Red numbers indicate the thickness of the film.

As can be observed the surfaces of the thin films exhibited a certain degree of
roughness and, apparently, the thin film became rougher when argon flow is
decreased and the working pressure decreased. It can be also observed that the

TiO2 thin films are composed of small spherical particles. Moreover, through the
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cross section SEM micrographs it can be seen that, increasing the argon flow rate
the thin films have a very small thickness (42nm). With a deposition time of 30min
is almost impossible to see where the substrate ends and where the thin film begin
(A14). On the other hand in the sample A11, is clearly visible the presence of the
thin film, with a thickness of about 114nm. The thin layer of the sample A14 can be
seen in the inset (Figure 61g), which is formed by small spherical organized

particles.

Figure 62 shows the AFM images of the TiO; thin films of the samples mentioned
previously (A11 and A14).

(b)

Ra =1.94 nm X 0,5 pm/div
Rms =2.51 nm Z 50.0 nm/div
C))

Ra=1,24 nm X 0,5 pm/div
Rms = 1,69 nm Z50.0 nm/div

Figure 62: AFM images for samples TiOz thin films produced by using 30min of the deposition time and

different argon flows: A11 - 5sccm (a) 2D; (b) 3D and A14 - 30sccm (c) 2D; (d) 3D.

As can be inferred from the presented results, the produced samples have a very

smooth surface (with an average roughness below 2 nm). Nevertheless, it is
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important to emphasize that, as already observed in the SEM micrographs; the
increase in the argon flow rate contributes to a decrease in the Ra from 1.94 to

1.24 nm.

In order to understand what happens with increasing deposition time under the
same conditions of the previous samples (A11 and A14), the deposition time was
changed from 30 min to 120min. Figure 63 presents the SEM micrographs of the
samples A15 and A17.

Figure 63: SEM micrograph for TiOz samples with 120minutes of the deposition time in different argon
flow: A15 - 5sccm (a) magnification of 50 000x, (b) magnification of 200 000x and (c) cross section;

A17 - 30 sccm (d) magnification of 50 000x, (e) magnification of 200 000x, (f) cross section

In these two cases there are significant differences in the morphology of the thin
films. In sample A17, its morphology is similar to the previous two (A11 and A14),
also presenting small spherical particles and an apparent uniform and smooth
surface. Meanwhile, the sample A15 presents larger particles, which indicates that
the sample may possesses a certain degree of roughness in comparison with the
previous ones. Through the cross section images it can be observed that, with

increasing deposition time there is a change in the oxide growth. While in the
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sample A14 there are small spherical-like particles deposited on the substrate, in
these samples the oxide appears to have a columnar growth (see Figure 61f and
Figure 63). Moreover, it should also be pointed out that, as occurred for samples
A11 and A14, the thin films thickness is strongly influenced by the argon flow rate.
For the sample produced with higher flow rate, the obtained thickness is lower

(130 nm) than the one obtained by using a smaller argon rate (380 nm).

In Figure 64 are presented the EDX results corresponding to the samples A15 and
Al7.

(a)

(b)

Figure 64: EDX spectrum for TiOz samples in the different argon flows (a) 5 sccm (A15) and (b) 30 sccm
(A17).
Through of the EDX results is possible to detect the presence of TiO; in the A15

and A17 samples. Both presented peaks of the Ti and Oz, thus proving the presence
of TiO2.
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Figure 65 shows the AFM images of the TiO; thin films of the samples mentioned
previously (A15 and A17).

(b)

Ra =3,26 nm X 0,5 pm/div
Rms = 4,19 nm Z 50.0 nm/div
(d)

Ra=1,14 nm X 0,5 pm/div
Rms = 1,49 nm Z 50.0 nm/div

Figure 65: AFM images for TiO2 thin films produced by using a deposition time of 120min at different
argon flow rates: A15 - 5sccm (a) 2D; (b) 3D and A17 - 30sccm (c) 2D; (d) 3D.

In this case and because the samples have a very distinct thickness, the effect of
argon flow rate is very perceptible. The sample produced by using the argon flow
rate becomes rougher (3.26 nm in comparison with 1.14 nm). These results are
expected since the working pressure strongly imparts the obtained morphology of
the thin films as previously explained in the Thornton Model (presented in Figure

24).

6.9 - OPTICAL SPECTROPHOTOMETRY

The optical properties of thin films were studied by recording the transmittance

spectra in a wavelength range from 250 to 2500nm. In Figure 66 are presented the
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obtained results for all the produced samples. In Figure 66a are presented the
samples with a deposition time of the 30min, while that, in Figure 66b the samples

have a deposition time of the 120 min.

(a) (b)

Figure 66: UV-Vis-NIR transmittance spectra of samples with argon flow 5sccm and 30sccm for 30min
(a) and 120min (b).

If transmittance spectra of Figure 66 are observed individually it is possible to
conclude that, increasing argon flow and working pressure causes a decrease in
the thickness of the thin film. These data are in agreement with the results
obtained in SEM. By analyzing the transmittance spectra for different deposition
times, we can conclude that with the increase of the deposition time there is an
increased of the thickness of the thin film. This can be clearly observed by the

increase in the number of the recorded waveforms.

Using equation 16, it was possible to determine the thickness of the samples
through at least two maximum or minimum of the waveforms. As can be seen from
the spectra, three samples (A11, A14 and A17) do not present more than one
waveform, so it becomes impossible to determine the thickness by this method.
Table 9 summarizes the thickness obtained by SEM and from the ones determined

by using the transmittance spectrum values.
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Table 9: Thicknesses of the samples A11, A14, A15 and A17.

SAMPLES THICKNESS (NM)
Al1l ~114
Al4 ~40
A15 ~380
A17 ~130

6.10 - CONTACT ANGLE

For the purpose of understanding surface properties of the TiO2 samples, the

contact angle between a deionized water droplet (5pL) and the samples surface (at

room temperature) was measured by using the equipment Dataphysics - Contact

Angle System OCA.

In figure 67 is presented the lateral image of the water droplet on the surface for

the different samples (A11, A14, A15 and A17). The behavior of the water droplet

was observed during 90s. The images were obtained for the initial time

(immediately after the drop touches the sample surface: t=0s), for t = 30s, t = 60s

and t = 90s.
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39.6°

57.4° 87.2°

73.7° 87.1°

Figure 67: Images of the water droplet form deposited on the sample surface after 90s.

The obtained results show that the glass substrate has a hydrophilic behavior
(since it presents a contact angle of 39.6 °). The TiO; samples also present a
hydrophilic behavior, but are more hydrophobic in comparison with the glass

substrate. Figure 68 shows the contact angle variation over time.
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Figure 68: Contact angle variation over time.

6.11 - PHOTOCATALYTIC ACTIVITY

To evaluate the photocatalytic effect of the TiOz thin films was used the same
method mentioned in the 1st part of the results, by measuring the absorbance

spectra of a methylene blue (MB) aqueous solution over time.

In Figure 69 are presented the results of the photodegration yield and the

corresponding photodegradation rate constant for all the TiO2 produced samples.
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Figure 69: Photocatalytic degradation of methylene blue aqueous solution on A11, A14, A15 and A17
samples under UV light source (Co is the initial aqueous RhB concentration, 0,5 mg/l and C is the

aqueous RhB concentration after 15, 30, 60, 90, 120, 150, 180, 210 and 240 min irradiation time).

Additionally, in table 10 are summarized the calculated k values and

photodegradation yield for the TiO2 samples.

Table 10: Values obtained of the yield (%) and the rate constant of photodegradation in different
coatings.

Photodegradation yield k (Photodegradation
Thin Films
(%) Rate)
A11 (5scecm; 30 min) ~10 3,5x10-4
A14 (30 sccm; 30 min) ~7,7 2,4x10-4
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A15 (5sccm; 120min) ~9,6 2,9x10-4

A17 (30 sccm; 120 min) ~12,8 4,3x10-4

The thicker samples are those with higher photocatalytic yield. However, it is also
noted that the sample with a higher degree of crystallinity (mainly by anatase) is
the one that presents the highest photocatalytic yield. It is noteworthy that these
performances are of the same order of magnitude as those obtained in the 1st part
of the results. Nevertheless, it should be mentioned that these yields were
achieved with much lower thicknesses. Although it has not been possible to
deposit thin films with processing conditions in this second part, we anticipate that
these will lead to a more efficient superficial finishing of the textile fibers in terms

of comfort and malleability.

6. 12 - ANTIMICROBIAL ACTIVITY

Antimicrobial activity was studied by counting the number of colony forming units
in petri dishes. Figures 70 and 71 represent photographs of the bacterium E. coli
growth in petri dishes, subsequently subjected to the A15 (Ar=5sccm; t=120min.)

and A17 (Ar=30sccm; t=120min.) samples, respectively.
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CONTROL GLASS A15

2 HOURS

4 HOURS

Figure 70: Photographs of the petri dishes showing E. coli growth under different conditions: in the

control, in contact with the glass and A15, after 2hours and 4 hours of UV irradiation.

CONTROL GLASS A17

2 HOURS

4 HOURS

Figure 71: Photographs of the petri dishes showing E. coli growth under different conditions: in the

control, in contact with the glass and A17, after 2hours and 4 hours of the UV irradiation.
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These are preliminary results that have to be repeated using a smaller inoculum
because the initial number of cells is to high to allow CFU counting. Although it is
not possible to count the number of colonies present in every plate, it is
noteworthy that in the photographs of the sample A17, the number of colonies
decreased after 4 hours of UV exposure, when compared with the control. This
sample shows more crystalline phases and a higher photocatalytic effect and,

apparently, presents some effect in inhibiting bacteria growth.
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CHAPTER VII

CONCLUSIONS
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CHAPTER VII - CONCLUSIONS

In order to produce TiO; thin films that present antimicrobial activity, we studied
these thin films by processes of structural characterization, by XRD technique, its
surface morphology characterization by SEM and AFM techniques, optical
characterization by UV-Vis spectroscopy, hydrophobicity by Angle Contact and the

study of photocatalytic activity of this semiconductor.

In the 1st part of this work concluded that:

* The results of XRD showed that all samples were amorphous, since none
diffractogram showed peaks characteristic of TiO; crystalline forms:
anatase and rutile, which are the most studied;

* The deposition time increases the roughness and thickness of the sample;

* Fe-doped TiO2 samples, it is possible to observe that the absorption edge
presents a pronounced shift for higher wavelengths;

* Photocatalytic activity of the TiO2 based thin films is quite low (not higher
than 11%);

* The TiO; thin films doped with Ag show a strong antimicrobial effect.

In the 2nd part of this work concluded that:

The results of XRD showed that the samples are crystalline (A15 and A17);

* TiO2 thin films are composed of small spherical particles;

* Increasing argon flow and working pressure causes a decrease in the
thickness and roughness of the thin film;

* The TiOz samples also present a hydrophilic behavior;

* The sample with a higher degree of crystallinity (mainly by anatase) is the

one that presents the highest photocatalytic yield and antimicrobial effect.
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CHAPTER VIII
FUTURES PERSPECTIVES
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CHAPTER VIII - FUTURE PERSPECTIVES

After this work we intend to pursue the study of the second part, so that such
solutions can be applied to textile and/or polymer materials. With the aim of
endowing increased very important features, such as self-cleaning effect and anti-
microbial capacity. Moreover, optimizing the process parameters leading to
improve of the crystalline nature must optimize the photocatalytic performance of
the process. It is emphasized the importance of, introducing dopants metallic
elements in the produced TiO: thin films, using the process parameters presented
in 2nd part of the results, in order to use a significant part of the electromagnetic
spectrum.

Another interesting possibility for a future work could consist in comparing the
photocatalytic yield obtained through the vapor phase deposition techniques (used
in this study), with those that could be obtained by impregnation of TiO:

nanoparticles in textile fibers.
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