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This research studied on the preparation and the effect of Yb,0O, and Er,O, doped
TiO, on the surface morphology, optical and photocatalyst properties under UV and
fluorescent irradiation of thin films via RF-magnetron sputtering method. The preparation
conditions were fixed for applied power, distance between target-substrate and substrate
heating temperature at 150 W, 5.0 cm and 500 °C, respectively. All deposited films were
controlled the thickness at about 1.0 um by varying deposition time. As the results, all of
prepared films showed only pure anatase phase. The sputtering pressure and sputtering gas
had significantly affected on the microstructure of TiO, film. The films prepared under high
pressure (3 Pa) and pure Ar gas displayed porous structure and high surface roughness,
resulted in high photocatalytic activity. While the TiO, films prepared under gas mixture Ar/O,
(8/2) showed porous structure with lower surface roughness resulted in lower photocatalytic
activity than that of film prepared under pure Ar gas. In case of TiO, films doping with Yb,O,
and Er,Q,, the increasing in surface roughness and the decreasing in transmittance of the
films prepared under gas mixture of Ar/O, (8/2) when concentration of Yb,O, and Er,O, target
increased from 0.5 to 1.0 mol% was observed. Moreover, the absorption thresholds slightly
shifted to longer wavelength which was attributed to the decreases in band gap energy. And
higher photocatalytic activity under UV and Fluorescent irradiation was obtained. The similar
result of absorption and band gap energy of the films prepared under pure Ar was also
observed. But the difference in surface roughness was not significantly affected as the
concentration of dopant increased. In addition, the doped films prepared under gas mixture

had better photocatalytic activity than that of films prepared under pure Ar gas.
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CHAPTER |

INTRODUCTIONS

1.1 Background and Motivations

In recently there is an increased awareness for the exhaustion of natural energy
sources and severe environmental pollution problems. Semiconductor photocatalysis
using sunlight to break down harmful organic pollutants is one of the promising
approaches to solve these pollution problems. Up to date, research of photocatalyst
materials has been focused on TiO, due to its high refractive index, high transparency in
the visible and near-infrared wavelength region, high dielectric constant, very good wear
resistance, low cost, chemical satiability, non- toxicity and good durability in hostile
environmental. Thus have been widely used for many applications such as optical thin
films device, anti-bacteria, self-cleaning, water purify [1]. However, a major drawback of
TiO, photocatalyst is its large band gap value (ca.3.0, 3.2 eV for rutile and anatase,
respectively), making it can only be excited by the light in UV range (7»<39O nm) which
is only 4-5 % in the sunlight has the required energy to activate the catalyst [2]. In
comparison to the other crystalline phase of TiO,, such as rutile and brookite, the most
photoactive phase of TiO, is anatase.

Generally, a good photocatalyst must process a large catalytic surface in which
the size of the primary catalyst particles is related to the surface area available for the
adsorption and decomposition of the organic pollutants. The high surface to bulk ratio of
the ultrafine particles should favor the transfer of photogenerated charge carriers, and
enhance the photocatalytic activity. For this reason, most of the studies were focused on
the preparation of nanosized powder of the transition metal ions or rare earth ions doped
TiO, photocatalyst. However, there are some drawbacks of the practical use of powder
during the photocatalytic process: separation powder TiO,, from water is difficult, and the

suspended powder TiO, tends to aggregate especially at the high concentrations.



Therefore, the immobilize TiO, onto various supports in order to overcome these
problems has been developed.

The thin films of titanium dioxide are prepared by several of deposition methods
for examples, sol-gel, precipitation-dipping, chemical vapor deposition, evaporation,
plasma sputtering depositions, ion beam-assisted process etc. It is known that the
method of doping and preparing the film strongly determine the properties of the
resulting catalyst films, thus many controversial results of doping transition metal into
TiO, using different techniques were obtained in the literatures. Wet process as sol-gel
has been widely performed at present, but their mechanical durability is less stable.
Among those deposition techniques, RF-magnetron sputtering is suggested as the most
promising technique because of it provides large area coating with good thickness
uniformity, film quality, mechanical durability, and friendly environmental industrial
process.

Many studies have been performed on the properties of TiO, films that are
influenced by growth parameters such as substrate temperature, discharge voltage and
oxygen partial pressure, etc [3-6]. It has been recently reported that impurity doping
could improve the properties of composite thin films. For example, doping transition
metal ions such as Fe’', Ru”", 0s™, Re”,Cr’", Ni*"etc., in to the lattice of TiO, was
reported to be the proficient way due to the fact that the overlap of the conduction band
of Ti (d) of TiO, and the metal (d) orbital of the implanted metal ions can decrease the
band gap of TiO, [7-8]. Some studies indicated that the photocatalytic activity of TiO,
catalyst depends on adsorption behavior and the separation efficiency of electron-hole
pairs. It was found that the photocatlytic activity of TiO, can be significantly enhanced
by doping with lanthanide ions/oxides with 4f electron configurations for examples Ce3+,
as lanthanide ions have ability to form complexes with various Lewis bases including
organic acid, amines, aldehydes, alcohols, and thiols by the interaction of the functional

groups with their f-orbital [9-10]. Moreover, the formation of two sub-energy levels
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(defect level and Ce 4f level) in Ce3+—TiO2 might be a key reason to eliminate the
recombination of electron-hole pairs and to enhance the photocatalytic activity was
proposed.

However, some ions such as Er and Yb which had attracted more attention in TiO,-
based optical materials, but less report had studied on their photocatalytic activity for
degradation of organic pollutants [11].

In this work we focus on the study of effect of sputtering condition on the physical

and photocatalytic activity of TiO, and Yb,O,/Er,O, doped TiO, film.

1.2 The objective of this research

To study effects of deposition parameters and Yb,O,/Er,O, doping on physical
properties and photocatalytic activity of TiO, thin films prepared by RF-magnetron

sputtering.

1.3 Expected results

Obtain the high efficiency UV and visible light responsible Yb,O,/Er,0, doped

photocatalyst films.

1.4 Thesis organization

This work is divided into 5 chapters as follow:

CHAPTER | presents the background and motivations.

CHAPTER Il presents literature reviews of previous works related to this research.
CHAPTER Il presents experimental procedure.

CHAPTER IV presents result and discussions.

CHAPTER V presents overall conclusions of this research and recommendations

for future work.



CHAPTER Il

LITERATURE REVIEW

2.1 Titanium dioxide

This section discusses properties and applications of titanium dioxide. These
materials were employed to coat on silica glass substrates to be treated for

photocatalytic activity.

2.1.1 Physical and Chemical properties[1,12-13]

Titanium dioxide may take on any of the following three crystal structure:
anatase, which tends to be more stable at low temperature; brookite, which is usually
found only minerals; and rutile, which tends to be more stable at higher temperatures
and thus is sometimes found in igneous rock.

Anatase generally shows a higher photocatalytic activity then the other types of
titanium dioxide. Comparison of same physical properties of rutile, anatase and brookite

are shown in table 2.1.

A B C

Figure 2.1 Structure of titanium dioxide anatase (A) rutile (B) and brookite (C)



Table 2.1 Comparision properties of anatase, brookite and rutile [1, 12,14]

Properties Anatase Rutile Brookite
Crystal structure Tetragonal system | Tetragonal system Orthorhombic
system
Optical Uniaxial, negative Uniaxial, negative Biaxial, positive
Density, g/cm’ 3.9 4.23 4.0
Harness, Mohs scale 5.6 77" 5.6
Dimension, nm
a 0.3758 0.4584 0.9166
b - - 0.5436
c 0.9514 2.953 0.5135
Refractive index 2.52 2.52 -
Band gap energy 3.2 3.0 3.1
Permittivity 31 114 78
Melting point Changes to 1858 °C -
rutile at high
temperature

The reason that anatase is more photocatalytic active than rutile may lie in the
differences in their so called energy band structure. The band gap energy of a
semiconductor is the minimum energy of light required to make the material electrically
conductive or in other words, to get the electrons excited enough to get moving. The
band gap energy of anatase is 3.2 €V, which corresponds to UV light with wavelength of
388 nanometers, while the band gap energy for the rutile type is 3.0 eV which
corresponding to UV light that has a wavelength of 413 nanometers [12,15]. The level of
the conduction band for anatase is 0.2 eV higher than that for rutile. In more technical
terminology, the band gap energy for a semiconductor indicates the minimum energy of

light necessary to produce electrons in the conduction band (CB) and give rise to




electrical conductivity and hole, which are actually the absence of electrons, in the
valence band (VB). These holes can react with water to produce the highly reactive
hydroxyl radical (OH). Both holes and hydroxyl radicals can oxidize most organic
materials.

The VB energies for both anatase and rutile are very low in the energy.
Consequently, the VB holes (and the hydroxyl radicals) have great oxidizing power. The
CB energy for rutile is close to the potential required to electrolytically reduce water to
hydrogen gas, but that for anatase is higher in the energy, meaning that it has higher
reducing power. Therefore, anatase can drive the very important reaction involving the
electrolytic reduction of molecular oxygen (O,) to superoxide (O,)

Although anatase and rutile are both tetragonal, they don’t have the same crystal
structures. Anatase exists in near-regular octahedral and rutile forms slend prismatic
crystal. Rutile is the thermally stable form and is one of the two most important ores of
titanium.

The three forms of titanium (IV) oxide have been prepared in laboratories but only
rutile, the thermally stable form, has been obtained in the form of transparent large
single crystal. The transformation from anatase to rutile is accompanied by the evolution
of ca 12.6 kd/mol (3.01 kcal/mol), but the rate of transformation is greatly affected by
temperature and by the presence of other substance which may either catalyze or inhibit
the reaction. The lowest temperature at which conversion of anatase to rutile take place
at a measurable rate is around 700 °C, but this is not a transition temperature. The
change is not reversible since AG for the change from anatase to rutile is away negative.

Brookite has been produced by heating amorphous titanium (IV) oxide, which is
prepared from and alkyl titanate or sodium titanate, with sodium or potassium hydroxide
in and autocave at 200 to 600 "C for several days. The important commercial forms of
titanium (1V) oxide are anatase and rutile, and they can readily be distinguished by X-ray

diffraction spectrometry.



Since both anatase and rutile are tetragonal, they are both anisotropic, and their
physical properties, e.g. refractive index, very according to the direction relative to the
crystal axes. In the most applications of these substances, the distinction between
crystallographic directions is lost because of the random orientation of large number of

small particles, and only average values of the properties are significant.

vs. Standard Hydrogen

|
|
|
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Figure 2.2 Show relationship between energy diagram of TiO, and redox potentials

[12,16].

2.1.2 The photocatalytic process[12,17]

Photocatalyst process is discovered by Fujishima in 1972 year ago, which is using
electrode together with light for reducing water for purpose hydrogen and oxygen

molecular, that process of oxidations (Advanced Oxidation Technologies, AOTSs).



Figure 2.3 Process at titanium dioxide surface of semiconductor when it had activated

by UV light [18].

The photocatalyst process is the systems supported by photon energy, which was

affected to reaction. The photon energy (E) can be calculated from Equation 2.1[12].

E=hv _hc (Equation 2.1)
A
When: E is photon energy, eV
h is Planck’s Constant = 6.625 x 10", Js
1% is frequency , s
A is wavelength , nm
c is light velocity c=2.997X10" m/s

Therefore, basic of photocatalyst process is electron moved from valance band
(VB) to conduction band (CB) of semiconductor and holes in the valence band. These

can be excited by ultraviolet light source (band gap energy = 3.0, 3.2 eV for rutile and



anatase, respectively). Then a reaction of photocatalytic of semiconductor is both

electron hole pair (e -h") shown in Equation 2.2.
TiO, (semiconductor) + hV ~ —— TiO, (e, + h,) (Equeation 2.2)

Hole (h 7) can be reacted with water (H,0) and hydroxyl group (OH') converting into
hydroxy! radical (OH.) show in Equation 2.3-2.4.

h, + HO ——» OH +H’ (Equation 2.3)

h, + OH —— OH (Equation 2.4)

Electron (e) can be reacted with oxygen (O,) to create super oxide anion (O, ) it was

changed to hydrogenperoxide when it reacts with water. Then hydrogen peroxide can be

changed to super hydroxyl radical. (Equation 2.5-2.7)

e, t+ O,—/>» 0, (Equation 2.5)
0, + 2H,0 ——»2H,0, (Equation 2.6)
H,0, — 20H (Equation 2.7)

But electron and hole can be recombined without the electron donor or the
electron accepter is shown in Equation 2.8.

e, +h, —> TiO, + heat (Equation 2.8)

Therefore, photocatalyst process was occurring on the surface of semiconductor.

The titanium dioxide was absorbed photons in UV light, these energy greater than or equal

to energy band gap (hv 2 E, ) that the overall process as shown in fig 2.4.
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Figure 2.4 Schematic of the photocatalytic process [8]

The photocatalysis process is dependent on the two ability of the catalyst to adsorb
both pollutants on the surfaces and absorb light with an appropriate wavelength. Various
type of semiconductor (Table 2.2), such as TiO,, ZnO, CdS, WO,, ZnS, SrTiO,, CdSe,
BaTiO, and Fe,O,, has been used as the catalysts in photocatalysis process. From the
available semiconductor, ZnO is generally unstable with respect to inconsistent dissolution
yielding Zn(OH), on the ZnO particle surface, and WO,, although useful in the visible
range, is less photocatalytically active than TiO,. It has been indicated that TiO, is the
most useful material due to its interesting qualities of high stability, high photocatalytic
activity, non-toxicity and inexpensive.

Form Table 2.2 and fig 2.5 show band gap energy of semiconductor, which were
excited in difference wavelength. At wavelength less than 390 nm, it has enough to create

a strong oxidant hydroxide mineral for TiO,.



Table 2.2 Band gap energy of semiconductors [19]

Semiconductor Band gap energy (eV) Wavelength (nm)
TiO, (anatase) 3.2 390
TiO, (rutile) 3.0 413
WO, 2.8 443
SrTio, 3.4 365
Fe,O, 2.2 565
Zn0O 3.2 390
ZnS 3.7 336
CdSe 1.7 730
CdS 2.5 497
BaTiO, 3.3 375

Figure 2.5 Band gap energy of semiconductors [12, 20]
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2.2 Applications of titanium dioxide

Titanium dioxide is one of the most basic materials in our daily life. Titanium
dioxide has been widely used in a variety of paints, plastics, paper, inks, fiber, cosmetics,
sunscreens and foodstuffs because titanium dioxide has been known as a material with a
high refractive index, high transparency in the visible and near-infrared wavelength region,
high dielectric constant, very good wear resistance, low cost, chemical satiability and non-
toxicity. Naturally, the type of titanium dioxide that is used as a pigment is different from
that used as a photocatalyst. The photocatalytic technology is becoming more and more
attractive to industries today because environmental pollution has been recognized as a
serious problem that needs to be addressed immediately. Various applications in which
research and development activities involving titanium dioxide have been investigated see

in the table 2.3.
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Table 2.3 Application of Titanium dioxide photocatalytic [1,12,14]

Properties

Applications

Self-cleaning

1. Exterior tiles, kitchen and bathroom components, interior
furnishings, plastic surfaces, aluminum siding, building stone and
curtains, paper window blinds.

2. Translucent paper for indoor lamp covers, coatings on fluorescent
lamps and highway tunnel lamp cover glass.

3. Tunnel wall, soundproofed wall, traffic signs and reflectors.

4. Tent material, cloth for hospital garments and uniforms and spray

coatings for cars.

Air cleaning 1. Room air cleaner, photocatalyst-equipped air conditioners and
interior air cleaner for factories.
2. Concrete for highways, roadways and footpaths, tunnel walls,
soundproof walls and building walls.

Water 1. River water, ground water, lakes and water-storage tanks.
purification 2.Fish feeding tanks, drainage water and industrial wastewater
Antitumor Cancer therapy, Endoscopic-like instruments.

activity

Self-sterilizing

1. Tiles to cover the floor and walls of operating rooms, silicone rubber
for medical catheters and hospital garments and uniforms.

2. Public rest rooms, bathrooms and rat breeding rooms.
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2.3 Magnetron sputtering system

Thin films are the subject of matter for many applications and have got significant
importance in physical sciences and engineering. A number of methods and techniques
are used to deposit thin films. Sputtering is one important technique used for thin films
deposition. Sputter deposition is a physical vapor deposition process for depositing thin
films, sputtering means ejecting material from a target and depositing it on a substrate
such as a Quartz glass and silicon wafer.

Sputtering is extensively used in the semiconductor industry to deposit thin films of
various materials in integrated circuits processing. Thin anti-reflection coatings on glass,
which are useful for optical applications are also deposited by sputtering. Because of
the low substrate temperatures were used, sputtering is an ideal method to deposit
contact metals for thin film transistors. This technique is also used to fabricate thin film
sensors, photovoltaic thin films (solar cells), metal cantilevers and interconnects etc.

Anelva Corp L-332S-FS sputtering system, shown in fig 2.9 is equipped with three
3-inch diameter planar magnetron cathode to facilitate multi layer with target shutter and
pre-sputtering shutter and with a rotatable substrate holder shown in fig 2.10. The
substrate can be heated up to 800 "C (maximum of Anelva Corp L-332S-FS sputtering
system can be used) to improve the film adhesion to the substrate. Magnetron

sputtering can be done either in DC or RF modes.

2.3.1 Direct current (DC) sputtering mode
The dc sputtering is a basic sputtering technique using a DC power supply. This
technique is only applicable to deposit conductive materials. The schematic of this

system is shown in fig 2.6.
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Figure 2.6 Schematic of DC sputtering [21]

Advantages of DC sputtering.
1. DC sputtering is done with conducting materials.
2. If target is non-conducting material, the positive charge will built up on target

material and stops sputtering

2.3.2 Radio frequency (RF) sputtering mode
RF sputtering technique can be used to deposit both conductive and non-

conductive films. The schematic of RF sputtering is given in fig 2.7.
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Figure 2.7 Schematic of RF sputtering [21]

Advantages of RF sputtering.
1. Both conducting and non-conducting materials can be sputtered.

2. Higher sputter rate at lower pressure.

The deposition of thin films by sputtering involves the acceleration of positive ions
in many cases form gaseous (inert gas) plasma to bombard a target material that is
negatively biased. Sputtering starts when a negative charge is applied to the target
material causing a plasma or glow discharge. Positive charged gas ions generated in
the plasma region are attracted to the negatively biased target plate at a very high
speed. The commonly radio frequency (RF) electromagnetic radiations are used. This
collision creates a momentum transfer and ejects atomic size particles from the target.

These particles are deposited as a thin film into the surface of the substrates [22].



Figure 2.8 Show mechanism of sputtering process [23]
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Figure 2.9 Schematic of L-332S-FS, Anelva Corp sputtering system
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Figure 2.10 Top and side views of L-332S-FS, Anelva Corp sputtering chamber system
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Advantages of magnetron sputtering

1. The magnets are used to increase the percentage of electrons that take part
in ionization events, increase probability of electrons striking Argon, increase electron
path length, so the ionization efficiency is increased significantly.

2. Other reasons to use magnets:

2.1 Lower voltage needed to strike plasma.
2.2 Controls uniformity.
2.3 Reduce wafer heating from electron bombardment.

3. Increased deposition rate



21

2.4 Parameter in the sputtering system

2.4.1 Target Materials

Ceramic is a generally multi-component solid that is chemically bonding by ionic
or covalent bonding such that there is no free electron. Therefore, the electrical
conductivity and thermal conductivity are low and the material is brittle.

The purity of the sputtering target material should be as high as is needed to
achieve the desired purity in the deposited material, but not any higher, since the price
of the target generally goes up rapidly with purity. In many cases, the supplier does not
specify some impurities such as oxygen in the form of oxides, hydrogen such as are
found in chromium, etc. The target purity and allowable impurities should be specified in
the initial purchase of the target material. As a minimum, there should be a purity

certification from the supplier.

2.4.2 Substrate Temperature

Substrate temperature is an important for controlling phase structure and
morphology of the film. The crystallinity and dense of films can be improved by
increasing the substrate temperature. Moreover, the temperature of substrate

substantially affects the atom mobility and the rate of chemical reaction on the substrate.

2.4.3 Total sputtering pressure

The properties of sputter-deposited films can be very dependent on the gas
pressure. At low pressure, there is less gas molecule collision taking place. Moreover,
gas molecules can directly get though the surface of film on substrate. On the other
hand, at high pressure, there are collision can slow down the gas movement and also
reduce the energy of the gas molecules, which affect the deposition rate and properties

of the films.
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2.4.4 Gas flow rate

In reactive sputter deposition the gas flow is an important processing variable
and in the non-reactive deposition, gas flow is important in clean contaminants from the
processing chamber. Generally, Argon (Ar) gas is usually option of sputtering because

of Ar gas can be injected at high flow rate in order to generate plasma.

2.4.5 RF power

The ion bombardment energy and the discharge current strongly depend on rf
power. As a result, the sputter rate strongly depends on the rf power. The sputtering
yield is proportional to the ion bombardment energy. Therefore, the sputter rate

increases with increasing rf power.

2.4.6 Reactive sputtering

When a reactive gas is intentionally included to the sputtering system then the
sputtering process is call reactive sputtering. Argon is used as reactive gas in the
present work. Reactive gas in the sputter atmosphere enables one to alter or control the
properties of the deposit. Depending on the pressure of the reactive gas, a reaction may
occur during the deposition of the films either at the cathode or at the surface. In most
cases, the composition of the film may be altered by simply varying the quantity of

reactive gas or the proportion of reactive to inert gases in the discharge.

2.5 Rare earth type of lanthanide [10]

Rare earth ions also referred to as lanthanides group; show an important role in
modern technology as the active component of many optical materials. In the
lanthanides it is the 4f electrons that account for the magnetism. As in the iron-group 3d
electrons, a significant number of them can have unpaired spins, with a resultant atomic

magnetic moment. In neutral rare earth atoms the number of 4f electrons ranges from 0
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(La) to 14 (Yb and Lu), and the number of unpaired spins can be as large as 7.
Specific applications may use the rare earths’ atomic-like 41" to 4" optical transitions
when long lifetimes, sharp absorption lines, and excellent coherence properties are
required, while others may employ the 4" to 4f'5d transitions when large oscillator
strengths, broad absorption bands, and shorter lifetimes are desirable. The lanthanides
always form trivalent ions by discarding their two 6s electrons and one 4f electron. The
remaining 4f electrons are shielded from intracrystalline electric fields by a dense cloud
of bs and 5p electrons, so that, unlike the iron-group elements, their orbital moments are
not quenched. Thus both spin and orbital components are significant in rare earth
magnetism, and the behavior of these elements in compounds more closely resembles

that of free ions than is the case with iron.

2.6 Literature review of TiO, and rare-earth doped TiO,

S. Takabayashi et al [24] (2002) studied effects of total and oxygen partial
pressure on structure of photocatalytic TiO, films deposited by reactive rf magnetron
sputtering on glass substrates under with and without additional external heating. The
results showed that the crystalline anatase, anatase/rutile or rutile fiims can be
successfully deposited on unheated substrate and their formation is dependent on the
total pressure and the oxygen partial pressure. A schematic phase diagram was
constructed. The surface morphology is strongly influenced by the total pressure, the
anatase TiO, films with a more open surface, a higher surface roughness and a larger
surface area are formed at higher total pressures. The anatase films with such surface
morphology deposited in the reactive sputtering mode exhibit the best photocatalytic
activity.

M. Yamagishi et al [25] (2003) studied TiO, films deposited by RF reactive
magnetron sputtering on non-alkali glass at 200 °C under total pressure of 0.3, 1.0 and 3

Pa with Argon and Oxygen ratio. The TiO, films with high photocatalytic activities and
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photoinduced hydrophilicity were successfully deposited by reactive rf magnetron
sputtering at p,, as high as 3.0 Pa. The film was confirmed to be anatase polycrystalline
with characteristic substructures. The photocatalytic activity showed the clear tendency
to decrease with the decrease in ptot during the deposition. Such dependence of the
photocatalytic activity on p,,, was correlated with the transport processes of the high-
energy particles of Ar’ or O between the target and the substrate. TiO, films deposited
at the lower p,,, of 0.3 or 1.0 Pa, showed poor photocatalytic activities because of the
defect level generation caused by the bombardment of the high-energy particles on the
growing film surface.

P. Zemen et al [26] (2003) studied of nano scaled photocatalytic TiO, thin films
prepared by reactive RF magnetron sputtering using PVD method deposited on glass
substrate. They were found that the photocatalytic activity increases with increasing
films thickness only if the films are prepared at higher sputtering pressure. Moreover, 65
nm thicknesses of TiO, films were deposited on rotating substrate and the relationship
between the deposition parameters, such as the substrate temperature and the total
pressure, the structure and the photocatalytic activity was studied. These thin films
showed a very good photocatalytic activity when an appropriate substrate temperature
(>100 °C) and/or total pressure (>1Pa) are selected.

K. Takamura et al [27] (2004) studied effect of oxygen flow ratio on the oxidation
of Ti target and the formation process of TiO, films by RF reactive sputtering. The TiO,
films were found to be formed at oxygen flow ratios above 7%. At the critical O, flow
ratio, the amount of supplied Ti atoms was found to agree with that of O, molecules.
Above the critical O, flow ratios, the amount of sopplied O, molecules exceeded the
getting effect of the sputtering Ti atoms and oxygen density in the plasma began to
increase.

In recently, metals and rare earth ions doped TiO, have been widely studied in

order to improve the photocatalytic activity of TiO, films.
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S.C. Kim et al [28] (2005) studied on the photocatalytic activity of Pd-doped
TiO, films prepared by RF magnetron co-sputtering method. They were found that the
crystallite sizes of Pd/TiO, thin films were slightly larger than those of the TiO, thin films.
The secondary particle sizes of Pd/TiO, thin films at 600 °C were about 20 — 60 nm, and
the secondary particles were more uniform and less agglomerated. The deposited films
calcined at 300 — 600 °C had high transparency in the visible range. The transmittances
of the films calcined at 900 °C were significantly reduced in the wavelength range of 300
— 800 nm due to the absorption and the scattering of light resulting from agglomerates of
the primary particles. The Pd/TiO, thin films showed better photocatalytic activity than
the TiO, thin films.

F Meng et al [29] (2009) studied on photocatalytic activity of Ag nanoparticles
modified TiO, films by RF magnetron sputtering. It was found that silver content
influences microstructure of TiO, thin films, and silver in the films is metallic Ag (Ago).
Photocatalytic activity of the films increases with increasing silver content up to 5 vol.%
Ag, and then decreases to values significantly still bigger than that of pure TiO, thin films.
Silver nanoparticles significantly enhance the photocatalytic activity of TiO, films. The
better separation between electrons and holes on silver modified TiO, thin films surface
allowed more efficiency for the oxidation and reduction reactions. The enhanced
photocatalytic activity was mainly attributed to the decrease of energy gap of the films
and the increase of oxygen anion radicals 02_ and reactive center of surface Ti" on
silver modified TiO, thin films surface.

A.D. Paola et al [30] (2010) studied on pure and Sm-loaded brookite
nanoparticles and thin films were prepared using TiCl, as precursor of TiO,. At the
results of Sm loading, significant improvement of the photocatalytic of brookite and
beneficial effect was attributed to an increased separation efficiency of the
photogenerated electron-hole pares. The content of Sm was an important factor

affecting the photocatalytic activity. The optimum amount of Sm was 1% for the powders
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and 0.1% for the films. There is a relationship between PL spectra and photocatalytic,
namely, the lower the PL intensity the higher the photocatalytic activity.

V. Stengl et al [31] (2009) studied on rare earth doped TiO, nanopaticles prepared
by a one-step, a one-pot, no post-synthesis calcinations and no sol-gel synthesis. As a
results, the rare earth (La, Ce, Pr, Nd, Sm, Eu, Dy, Gd) for doped titanium were used, the
best photocatalytic properties in visible light have samples doped with Nd>" ions
(k=0.0272 min"' for UV and 0.0143 min™' for visible light)

W. Chen et al [32] (2006) studied on the photocatalytic activity enhancing for TiO,
photocatalyst by doping with La by sol-gel method. The results show that the crystallinity
of anatase is improved by La doping. Moreover, La not only suppresses phase transition
from anatase to rutile but also exhibits an absorption in the 4> 400 nm rage. The
photocatalytic activity of La-doped TiO, photocatalysts excessds that of pure TiO,
photocatalyst prepared by the same method when the molar ratio of La to Ti is kept at
0.3 %.

Thus, numerous studies had paid their attention on doping TiO, with various rare
earth ions. Some ions such as Er’” and Yb’ which had attracted more attention in TiO,-
based optical materials, but less report had studied on their photocatalytic activity for
degradation of organic pollutants via RF magnetron sputtering technique.

H.Q. Jiang et al [33] (2006) studied of the nanoparticles of Yb3+—doped (0.125 wt
%) and pure TiO, were prepared by an acid catalyzed sol-gel method. The results
showed that the photocatalytic activity of Yb3+/TiO2 composite nanoparticles is much
higher than that of pure TiO,. A low amount of Yb™" in TiO, can inhibit the anatase-rutile
phase transformation of TiO,, prevent grain growth, increasing the specific surface area,
and favor the high temperature stabilization of the pores. According to the surface
voltage spectroscopy data, Yb3+—doping prevents recombination of photoinduced

electrons and holes and improves the light absorption capacity of the particle surface.
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M. Pal et al [34] (2008) studied on topic of synthesis and photocatalytic activity
of Yb doped TiO, nanoparticles under visible light which were prepared by hydrolysis
method. Average size of the nanoparticles was found to decrease with the increase of
Yb doping concentration. The photocatalytic activity of Yb doped TiO, was evaluated by
measuring the degration rates of methylene blue (MB) under UV and Visible lights.
Doping with ytterbium ion enhanced significantly the photocatalytic activity of TiO,
nanoparticles for MB oxidation under visible light.

C.H. Liang et al [10] (2008) studied on rare earth ions doped TiO, (RE3+—doped
TiO,) catalyst prepared by the sol-gel method. They were found that the absorption
equilibrium constant and the saturated adsorption amount of RE3+—TiO2 would increase
with the increase of dosage. The photocatalytic activity of RE‘%—TiO2 for Orange |
degradation under both UV and visible light irradiations were higher than that of TiO,.
The optimal dosage was 1.5% for Orange | degradation under UV light and 1.0% under
visible light. They were suggested that the higher photocatalytic activity effect of the
transitions (4f electrons of RE3+).

Y. Yang et al [35] (2010) studied on TiO, nanofibrous films with variable amounts
of erbium were prepared by electrospinning technique. The results demonstrated that
the doping of erbium inhibited the phase transformation and the crystallite growth of
TiO,. The doped samples were more efficient for degradation of methylene blue than
TiO,, and an optimal dosage of erbium at 0.5 mol% activated at 773 K achieved the
highest degradation rate. The higher photoactivity might be attributable to the transition
of 4f electrons of erbium, particle size, phase composition and the increase of the

separating rate of photogenerated charges by erbium doping.
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EXPERIMENTAL PROCEDURE

3.1 Preparation of TiO, and Yb,0O,/Er,0,-doped TiO, thin film

Radio-frequency magnetron sputtering system (L-332S-FS, Anelva Corp) was
used to produce thin films in this work. TiO,, TiO,-Yb,O, (0.5-1mol%) or TiO,-Er,0,(0.5-
1mol%) (Toshima Manufacturing Co, Ltd.) ceramic disc with a 76.2 mm in diameter and
5 mm thickness was used as a sputtering target. The vacuum chamber was evacuated
to a pressure lower than 10™ Pa before the film deposition in order to avoid the
contaminations. All samples were sputtered in a mixture of high purified Argon and
Oxygen gas at ratio of 8/2 and 10/0 on a pre-cleaned silica glass substrate (ED-H;
Tosoh Quartz Inc.). Deposited films were produced at a constant substrate-to-target
distance at 50 cm, and the substrate was heated at temperature 500°C during
deposition without further annealing after sputtering. In order to study the effect of
deposition condition, applied powers were fixed at 150W. The sputtering conditions for
deposition thin films were shown in table 3.1. After that, the crystalline structure of the
deposited films was characterized by X-ray diffraction (XRD with Mo radiation: A =
0.7093 nm). A typical thickness of films was controlled at approximately 1.0-1.2 um
measured by Dektak3 ST. The optical properties of produced films were investigated by
UV-Vis spectrophotometer (Lambda 950). FE-SEM (Hitachi S-4700) was used to study
the morphology of deposited films. Surface morphology and roughness was
investigated by SPM.  Photocatalytic activity of sputtered films, 20x20x2 mm in size,
was evaluated through the degradation of methylene blue solution with initial
concentration of 5x10° mM under UV (Toshiba FL10BLB-A) and white light

(Fluorescent lamp FSL T8 10W ) irradiation.
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Table 3.1 Sputtering conditions for deposition thin films.

Deposition Parameters conditions
Target-to-substrate distance (cm) 5
Base pressure (Pa) <10"
Applied power (W) 150
Ar/QO, ratios (sccm) 8/2, 10/0
Total sputtering pressures (Pa) 05,1,3
Substrate heating temperatures (°C) 500
Times (min) 60-240
Film thickness (um) ~1.0

3.2 Characterizations of sputtered thin films

3.2.1 X-ray diffraction (XRD)

Phase structure of deposited films were characterized by XRD using Mo-K, (7\, =
0.7093 nm) source with 40 kV, 25 mA. Scanning rate is 0.2 degree/min from 26 at 5 to
50 degree. The obtained peaks were matched with JCPDS (Joint Committee on Powder
Diffraction Standard file) No. 211272. The cryatallinity size was estimated via Debye-

Scherrer equation:
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KA
Debye-Scherrer equation: D, = (Equation 3.1)
[ cosd
When D, is average grain size (nm).
K is Debye-Scherrer constant (usually taken as 0.89).
A is wavelength of the X-ray radiation (MoKal = 0.7093 nm).
i3 is line width at half-maximum height of the broadened peak

(full width at half-maximum (FWHM) )

0 is the half diffraction angle of the centroid of the peak(degree)

3.2.2 Dekktak 3 ST Surface Profiler [36]

The Dektak3ST is a surface profiling system capable of measuring surface
textures and variations in the submicro-inch range to a sample thickness of 131 microns.
By way of a diamond-tipped stylus, samples are analyzed under it on a moving stage
according to parameters set by the user (scan length and time). As the stylus traverses
the pre-determined length of the sample surface, surface variations are recorded. The
data recorded can then be analyzed (up to 30 functions per scan) depending on user
interests. These parameter capabilities include: roughness, waviness, step height and
geometry (area, radius, slope, etc.). The graphic screen display exhibits data plot and

live video imaging.



Figure 3.1 Profile of 46.250 KA NIST Certified Calibration Standard

Figure 3.2 Veeco Dektak 3 ST model

31
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3.2.3 Field Emission Scanning Electron Microscopy (FE-SEM)[37]
Structure, surface morphology and thickness of thin films were observed by Field

Emission Scanning Electron Microscopy (Hitachi S-4700). With this microscope tiny

structure as small as 1 nanometer can be visualized in small objects.
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Figure 3.3 Shows the basic components of the scanning electron microscope. The various
components of the microscope can be categorized as (1) the electron column, (2) the
specimen chamber, (3) the vacuum pumping system and (4) the electron control and

imaging system.

Like the name FE-SEM already indicates, this microscope does not work with
light (photons) but with electrons. Electrons are generated in a 'source' (Emission) and
accelerated under influence of a strong electrical voltage gradient (Field). With
electromagnetic coils an electron beam is formed that scans the object (Scan) and
secondary electrons are produced by interaction with the atoms at the surface of the
sample. These electrons contain valuable information that is employed to reconstruct a

very detailed image of the topography of the surface of the specimen.
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3.2.4 Scanning Probe Microscopy (SPM) [38]

Surface roughness of Rare earth-doped TiO, films were observed by Scanning
Probe Microscopy (SPM). These techniques are based upon scanning a probe just
above a surface whilst monitoring some interaction between the probe and the surface.

Scanning Probe Microscopy has enabled researchers to image surfaces at the
nanometer scale. Rather than using a beam of light or electrons, SPM uses a fine probe
that is scanned over a surface (or the surface is scanned under the probe). By using
such a probe, researchers are no longer restrained by the wavelength of light or
electrons. The resolution obtainable with this technique can resolve atoms, and true 3-D
maps of surfaces are possible. Scanning Probe Microscopy is a general term, used to
describe a growing number of techniques that use a sharp probe to scan over a surface
and measure some property of that surface. Some examples are STM (scanning
tunneling microscopy), AFM (atomic force microscopy), and NSOM (Near-Field

Scanning Optical Microscopy).

Figure 3.4 Basic idea of scanned probe techniques
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The number of techniques is constantly growing, as the tip can be modified in
many ways to investigate surface properties. In addition, the uses of a tunneling current,
simple force feedback or light through an aperture in the probe enable different ways to

interact with the surface.

3.2.5 Transmittance by UV-vis spectrophotometer (Lambda 950) [39]

Transparency of thin films was observed by UV-Vis spectrophotometer (Lambda

950) from 200 to 800 nm.
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Figure 3.5 Flow chart of beam UV-vis spectrophotometer

The UV-Visible spectrophotometer uses two light sources, a deuterium (D2)
lamp for ultraviolet light and a tungsten (W) lamp for visible light. After bouncing off a
mirror (mirror 1), the light beam passes through a slit and hits a diffraction grating. The
grating can be rotated allowing for a specific wavelength to be selected. At any specific

orientation of the grating, only monochromatic (single wavelength) successfully passes
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through a slit. A filter is used to remove unwanted higher orders of diffraction. The light
beam hits a second mirror before it gets split by a half mirror (half of the light is reflected,
the other half passes through). One of the beams is allowed to pass through a reference
cuvette (which contains the solvent only), the other passes through the sample cuvette.

The intensities of the light beams are then measured at the end.

3.2.6 Optical band gap energy [40-44]
The absorption coefficient (« ), which can be derived from Equation 3.2.

(1-R)’ exp(-od) |
T= E t 3.2
1-R? exp(—2ad) (Equation 3.2)

Where T is optical transmittance, R is reflectance, and d is film thickness.
However, at the short wavelength close to the optical band gap, the scattering losses
are dominated by the fundamental absorption, and the absorption coefficient is given by

Equation 3.3.

_InT
d

Over the optical absorption edge, the indirect-allowed transitions dominate and

o= (Equeation 3.3)

above the threshold of fundamental adsorption, the following expression can be written:

1

(eh V)E =q, (hv - Eg) (Equation 3.4)

Where hv is photon energy, Eg is energy gap, and &, is a constant which
does not depend on photon energy. From the linear part of (ah V)% = f(hv)
dependence, the extrapolated energy gap, E;, can be obtained, fora = 0. The energy
gap is determined by plotting (ah v)% versus equivalent energy at the wavelength A, as
shown in fig 3.6. This is called “Tauc plot”

Form the “Tauc plot”’, the tangential at high a region of hv and (OtE)]/zcure is

extrapolated to intercept the NV axis. This intercept value is defined as the optical band

gap energy.
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Figure 3.6 Determination of energy of TiO, films deposited on glass substrate by “Tauc’

plot” [41]

3.2.7 Photocatalytic activity

Photocatalytic activity of sputtered films, 20x20x2 mm® in size, was evaluated
through the degradation of methylene biue (C,;H,sN,S.Cl.3H,0)solution with initial
concentration of methylene blue of 5x10° mM under UV (Toshiba FL10BLB-A)
Fluorescent lamp (FSL T8 10W ). At first, films were vibrated in the dark for 1 hour to
measure the absorbance of methylene blue onto the TiO, thin films before irradiation.
After that, these films were irradiated under a black lamp and Fluorescent lamp at
intensity of 2 and 5 mW/cmz, respectively. To evaluate the photocatalytic activity. The
absorptions of methylene blue were measured by UV-Vis spectrophotometer (Lambda

950) at wavelength 644 nm.
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Photocatalytic activity was presented by kinetic energy (k). The kinetic energy of
TiO, and RE-doped TiO, films prepared under difference deposition conditions was

calculated using the following equation 3.5:

In & =kt (Equation 3.5)
C,
Where C, = initial concentration of methylene blue

Ct = concentration measured at the irradiation time
t = time (minute)

k= kinetic energy

UV and
Fluorescent
irradiation

Figure 3.7 Photocatalytic activity characterization and equipment
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3.2.8 Electron probe micro-analyyzer (EPMA) [45]

An electron probe micro-analyzer is a micro beam instrument used primarily for
the in situ non-destructive chemical analysis of minute solid samples. EPMA is also
informally called an electron microprobe, or just probe. It is fundamentally the same as
an SEM, with the added capability of chemical analysis. The primary importance of an
EPMA is the ability to acquire precise, quantitative elemental analyses at very small
"spot" sizes (as little as 1-2 microns), primarily by wavelength-dispersive spectroscopy
(WDS). The spatial scale of analysis, combined with the ability to create detailed images
of the sample, makes it possible to analyze geological materials in situ and to resolve
complex chemical variation within single phases (in geology, mostly glasses and
minerals). The electron optics of an SEM or EPMA allow much higher resolution images
to be obtained than can be seen using visible-light optics, so features that are
irresolvable under a light microscope can be readily imaged to study detailed

microtextures or provide the fine-scale context of an individual spot analysis.

Figure 3.8 Schematic cut-away diagram of a typical microprobe.


http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
http://serc.carleton.edu/research_education/geochemsheets/wds.html

Sputtering Targets
TiO,, TiO,+(0.5/1 mol%)Er,0,, TiO,+(0.5/1 mol%)Yb,O,

igs

Sputtering conditions:

Ar/O, (sccm*) ratios 8/2, 10/0
Pressures 0.5,1, 3 Pa
Substrate heating temperatures 500°C
Times 60-240 min
Film thickness 1.0 um
Power 150 W

!

TiO,, Er,O, and Yb,0, doped TiO, film on glass substrate

1L

Characterizations

Phase (XRD)
Thickness (Dektak 3 ST)
Morphology (FE-SEM)
Surface Roughness (SPM)
Transmittance 200-800 nm UV-Vis)
::> Photocatalytic activity (Methylene blue)

Figure 3.9 Flow chart of sputtering conditions and characterizations of thin films.

(* sccm : standard cubic centimeters per minute)


http://www.alibaba.com/product-gs/52129176/Ytterbium_Oxide_Yb2O3_.html

CHAPTER IV

RESULTS AND DIDCUSSIONS

In this research, preparation of pure TiO,, Yb,0,-doped TiO, and Er,0,-doped TiO,
thin films on glass substrate by RF-magnetron sputtering technique were studied. The
effect of sputtering parameters on the phase structure, surface morphology and
roughness, optical properties of deposited films were investigated. Moreover, the
photocatalytic activity of prepared films was examined under UV and fluorescent lamp.

The results were divided into 3 parts as follows:

4.1 TiO, thin films

4.1.1 Deposition rate

The deposition rate of TiO, thin films on glass substrate prepared by RF-
magnetron sputtering technique was shown in fig 4.1.

Form fig 4.1, the average deposition rate of TiO, films prepared under pure Ar and
mixture of Ar and O, (8/2) gas are 8.33 nm/min and 4.16 nm/min, respectively. The
deposition rate of films prepared under pure Ar gas was about two times higher than
that of films deposited under gas mixture.

In the sputtering process, there are several kinds of the high energy gas particles,
such as high energy neutrals (Ar’) recoiled from the target or high energy negative ions
(O) accelerate by the cathode toward the growing films surface. The bombardments by
such high films particle should have heavy influence on the films structure and
properties [46]. The main reason of different deposition rate is that it is different in Ar/O,
flow ratio, when low O, there are more Ar ions to bombard the pure TiO, target, so the
deposition rate is higher while high O, lower the deposition rate due to it impeded Ar

ions bombardment at TiO, target, so the deposition rate is lower [49].
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Figure 4.1 Graph of relation between sputtering time and thickness of TiO, films

prepared by RF-magnetron sputtering under pure Ar (10/0) and mixed Ar/O,, (8/2), at total

sputtering pressure 3 Pa.

Since, the thickness of film has a significant influence on the characteristics of
deposited film. Thus the thickness of all films sputtered under pure Ar (10/0) and Ar/O,
(8/2) was controlled at about 1.0 um for further characterizations by adjusting deposition
time. According to the deposition rate, the deposition time for film prepared under pure

Arand Ar/O, (8/2) are 2 h and 4 h, respectively.
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4.1.2 Phase structure

This section show effects of sputtering gas and total sputtering pressure on phase

structure of TiO, thin films characterized by X-ray diffraction (XRD).

4.1.2.1 Effect of sputtering gas on phase structure of TiO, films

H 101

Bl = Anatase

Figure 4.2 XRD patterns of TiO, thin films prepared under (a) Ar/O,; 8/2 and (b) pure Ar

10/0, under 3 Pa and substrate heating temperature at 500 °C.

From XRD results (fig 4.2), the peaks were found at26; 11.5°, 17.1°, 21.6° and
24.5° corresponding to the 101, 004, 200 and 211 diffraction planes of anatase phase
(JCPDS No. 211272) respectively. The ratio of gas mixture Ar/O, significantly affected on
the deposition rate of films. Moreover, the film deposited under pure Ar (b) has higher
crystallinity, which can be seen clearly the high intensity of diffraction peaks at 26

21.6”and 24.5 ° comparing to the films prepared under gas mixture (a).
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4.1.2.2 Effect of sputtering pressure on phase structure of TiO, films
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Figure 4.3 XRD patterns of TiO, film prepared under pure Ar at different total sputtering

pressure, (a) 0.5 Pa, (b) 1 Pa and (c) 3 Pa.

The XRD patterns of TiO, films sputtered under different total sputtering pressure
were shown in fig 4.3. In order to study effect of total sputtering pressure on TiO, films,
heating temperature and applied power were fixed at 500 °C and 150 w, respectively. It
was demonstrated that all of the deposited films consisted of the peaks at28; 11.5°,
17.1°, 21.6° and 24.5° corresponding to the 101, 004, 200 and 211 planes of anatase
structure (JCPDS No. 211272), respectively. Peak intensity decreased with increasing
sputtering pressure from 0.5 Pa to 3 Pa. However, the half width value remained nearly
unchanged at different total sputtering pressure. Since no new peaks were observed, it

can be concluded that the decrease in peak intensity does not indicate any deterioration

in crystallinity, but rather that it is associated with the porous surface condition and, as a
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result, the effective film thickness was seemingly smaller than it was when the surface

was in a gap-free state [50].

4.1.3 Surface morphology and roughness
The effect of sputtering gas and total sputtering pressure on the surface
morphology and roughness of deposited films were examined by Field Emission

Scanning Electron Microscopy and Scanning Probe Microscopy (SPM).

4.1.3.1 Field Emission Scanning Electron Microscopy (FE-SEM)

The surface morphology is an important factor affecting on the photocatalytic
activity of TiO, films, thus they were investigated by FE-SEM. The FE-SEM images in fig
4.4, 4.5 show effect of Ar/O, ratio and total sputtering pressure on the morphology of
TiO, films. The different in morphology between TiO, films prepared under with and
without O, flow was clearly demonstrated via FE-SEM (fig 4.4). It was found that the TiO,
film prepared under pure Ar consisted of porous and pyramid grain structure with the
grain size approximately 100 nm while the films prepared under Ar/O, gas mixtures
displayed a porous structure with small subgrains approximately 10 nm in size which
grouped together to form large grain of 120 nm.

Fig 4.5 shows the effect of total sputtering pressure on the morphology of films
observed by FE-SEM. It was noticed that the films sputtered under low pressure (0.5-1
Pa) composed of dense packed grains, whereas, the film prepared at higher pressure
( 3 Pa) displayed porous and pyramid grain structure in which voids between grain
boundary were created.

The creation of films structure could be explained in terms of total sputtering
pressure. At the low pressure, there are fewer gas molecule collisions taking place.
Therefore, high energy gas molecule can directly get through the surface of films. As a
result, films grow to be dense. While at high pressure, due to higher number of gas

molecules contained in the chamber, there is more probability for gas molecule collision
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with each other. This collision can slow down the gas movement and also reduce the

energy of the high energy gas molecules then the films grow to be porous [21].

Figure 4.4 FE-SEM images of TiO, thin films prepared under (a) pure Ar (10/0) and (b)

Ar/O, (8/2) at total sputtering pressure 3 Pa.

500.nm 500.am

Figure 4.5 FE-SEM images of TiO, thin films prepared under pure Ar (10/0) at different

total sputtering pressure (a) 0.5 Pa (b) 1 Pa (c) 3 Pa.
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4.1.3.2 Scanning Probe Microscopy (SPM)
From fig 4.6, SPM images show the two-dimentions and three-dimentions of pure
TiO, films prepared on glass substrate under different sputtering gas and total sputtering
pressure. The surface roughness of TiO, films displayed in root mean square roughness

(R,s) were 6.37 and 12.58 nm of films deposition at 1 and 3 Pa under without O, gas,

.
respectively. It suggested that the surface roughness of TiO, films was much increased
when the film was sputtered under higher pressure (3 Pa) because the surface
roughness developed during the films growth was controlled by the energy of deposited
particles. When the energy of depositing particles decreased due to low pressure, the
surface mobility decrease and the coalescence of crystals is limited. The depositing
particles growing surface receive more deposited materials than valleys resulting in the
formation of a more surface roughness. The difference in surface roughness between
the film prepared under with and without O, gas flow was clearly observed through SPM
(fig 4.6 (a, c)). The surface roughness of TiO, films prepared under with and without O,
at 3 Pa were 5.63 and 12.58 nm, respectively. This indicated that the total sputtering
pressure had a significant influence on creation of surface roughness of film sputtered

under pure Ar (10/0). On the other hand, the surface roughness of films deposited under

gas mixture ( Ar/O,) was not affected by total sputtering pressure.



R..s= 12.58 nm

R..s= 6.37 nm

R,.s=95.63nm

Figure 4.6 SPM images of TiO, films deposited under different sputtering conditions.

(a) pure Ar, 3 Pa (b) pure Ar,1 Paand (c) Ar/O,, (8/2), 3 Pa.
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4.1.4 Transmittance

This section presents transmittance of TiO, thin films sputtered under difference

conditions, which can be seen in fig 4.7.
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Figure 4.7 Transmittance spectra of TiO, thin films prepared under sputtering pressure

at 3 Pa and different sputtering gas. (a) Ar/O, (8/2) and (b) pure Ar (10/0).

The transmittance spectra of TiO, thin films deposited under pure Ar and mixture
of Ar/O, (8/2) were shown in fig 4.7. It was seen that all flms show the usual light
interference pattern in visible region (400-800 nm). The TiO, film deposited under Ar/O,
gas mixtures has high transparency more than that of film prepared under pure Ar gas.
The averages transmittance of TiO, films in the visible region (show in fig 4.7) is about
80 %. Also, the TiO, films prepared at pure Ar gas displayed markedly decrease in
transmittance of films with red shift to longer wavelength. A decrease in optical

transmittance of TiO, prepared under pure Ar (10/0) is resulted from its large grain size
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and higher surface roughness. Corresponding to the XRD FE-SEM and SPM image

results which were demonstrated above.

4.1.5 Optical band gap

Optical transmission spectra of pure TiO, measured at room temperature with an
excitation wavelength of 200-800 nm by a UV-Vis spectrophotometer are shown in fig
4.7. Determination of the absorption edge or energy band gap has been described in
chapter 3. The tangential line at high « region of the hv vs (OtE)U2 curve is
extrapolated to intercept the hv axis as shown in fig 4.8. This intercept value is
defined as the energy band gap, it was found that the energy band gap of films
prepared under with and without O, gas are 3.20+0.01 eV and 3.17 +0.01 eV,

respectively.
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Figure 4.8 Graphs of ((ZE)mversus photon energy, E (hv), for TiO, films prepared

under pure Ar (10/0) and Ar/O, (8/2).
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4.1.6 Photocatalytic activity

Photocatalytic activity was presented by kinetic energy; k. Determination of the
kinetic energy (k) has been described in chapter 3. The kinetic energy of TiO, thin films

prepared at different sputtering gas under UV irradiation was shown in fig 4.9-4.10.
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Figure 4.9 Photocatalytic degradation of methylene blue solution as a function of UV

irradiation time of films prepared under (a) pure Ar (10/0) and (b) Ar/O, (8/2) at total

sputtering pressure 3 Pa.
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Figure 4.10 Photocatalytic degradation of methylene blue solution as a function of UV

irradiation time of TiO, films prepared under pure Ar at total sputtering pressure

(a) 3 Pa and (b) 1 Pa.

In this work, the TiO, thin film coated on glass substrate was repeatedly used
for five times in degradation 0.05 mM of methylene blue under UV irradiation. The k
value, which obtained by linear fitted from fig 4.9 are 6.5x10°, 3.6 X10 min" for films
without and with O, flow gas under UV irradiation, respectively. The k values of TiO,
under UV irradiation, which obtained by linear fitted for films prepared at different total
sputtering pressure were shown in fig 4.10. It was found that the TiO, films prepared
under pure Ar gas showed higher photocatalytic activity than that of films prepared
under flowing O, gas. It can be explained in this study that, due to the films prepared
under without O, showed high crystallinity and high surface roughness compared with

films prepared under gas mixture. In general, the surface area and crystallinity play an
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important role in photocatalytic activity. A higher surface area enhances the
photocatalytic efficiency due to their being more active sites (e and h+) for the reaction.
In addition, the effect of total sputtering pressure on the photocatalytic activity was
shown in fig 4.10. The dramatic increase in photocatalytic activity of TiO, film when
sputtering pressure increased from 1 to 3 Pa was demonstrated. As described in the
previous section that films growth under high sputtering pressure has porous structure
and rougher surface. The photocatalytic values of films prepared under 1 and 3 Pa are

2.99 X10°, 5.59 x10° min ”, respectively.
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4.2 Yb,0,-doped TiO, thin films

4.2.1 Phase structure
This section shows effect of sputtering gas and amount of Yb,O, doping on

phase structure characterized by X-ray diffraction (XRD).
4.2.1.1 Effects of sputtering gas and Yb,O, concentrations on Yb,O,-doped TiO,

films

m =Anatase

(b)

(a)

Figure 4.11 XRD patterns of TiO, and 1mol%Yb,0,doped TiO, (YbT) films prepared
under different sputtering gas. (a) TiO, 8/2; 3 Pa (b) YbT 8/2; 3 Pa (c) TiO, 10/0; 3 Pa

(d) YbT 10/0; 3 Pa.

From XRD results, the peaks were found at2@ ; 11.5°, 17.1°, 21.6° and 24.5°
corresponding to the 101, 004, 200 and 211 diffraction planes of anatase phase (JCPDS

No. 211272) under all deposition conditions. The effect of doping concentrations of
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Yb,0,0n Yb,0,-doped TiO, film was shown as in fig 4.12. It was indicated that all films
consisted of reflection planes according to anatase phase. But the difference in their
crystallinity was shown, in that the film deposited by 1mol% Yb,O,-doping displayed

higher crystallinity with preferred orientation growth.

H =Anatase

Figure 4.12 XRD patterns of TiO, and Yb,0O,-doped TiO, films prepared under Ar/O,

at 8/2. (a) pure TiO, (b) TiO,-0.5 mol% Yb,0,and (c) TiO,-1 mol% Yb,O,

4.2.2 Surface morphology
4.2.2.1 Field Emission Scanning Electron Microscopy (FE-SEM)
From FE-SEM images in fig 4.13 shows the morphologies of Yb,O,-doped TiO,
thin films prepared under difference Yb,O, concentrations and sputtering gas. It was
found that the films prepared under gas mixture displayed porous structure with smaller

subgrain approximately 10 nm in size, grouped together to form large grain of 120 nm.
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The similar microstructure of 1mol% Yb,0,-doped TiO, prepared under the same
condition was observed. While, the Yb,0O,-doped TiO, films prepared under pure Ar gas
composed of dense packed grain with no gap between them and grain size about 120-
150 nm. At the same time, the grain size of Yb,O,-doped TiO, increased as the amount

of doping increased.

500 nm

Figure 4.13 FE-SEM images of the films deposited under different Yb,O, concentrations
and sputtering gas. (a) 0.5mol% Yb,O,: 8/2, (b) Tmol% Yb,O,: 8/2, (c) 0.5mol% Yb,O.:

10/0 (d) 1mol% Yb,O,: 10/0
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Form the results, effects of total sputtering pressure was observed. At high total
sputtering pressure, the density of gas particles molecules in the chamber is increased,
influence the probability of collisions and accelerate the particles. Consequently, the
particle energy is decreased. The surface mobility decreases and the coalescence of
crystal are limited, when the energy of depositing particle decreases. This results in the

formation of rough microstructure with high surface [47].

Figure 4.14 FE-SEM images from cross-section of Yb,0,-doped TiO, films deposited

under different sputtering gas. (a) Ar/O,; 10/0 and (b) Ar/O,; 8/2, deposition time 4 hours.

From fig 4.14, FE-SEM images show the cross-section of Yb,O,-doped TiO, thin
films formed at total sputtering pressure of 3 Pa under pure Ar (10/0) and Ar/O,, (8/2) gas.
The crystalline grains exhibit a columnar structure, which can be explained by
shadowing model, that is, particles with various incident angles can deposit only on the
top each dome because of the shadowing effect [48]. FE-SEM confirmed that the films
have porous structure, due to gap were not only formed on the surface, but also in the

bulk of the films.

4.2.2.2 Scanning Probe Microscopy (SPM)
Form fig 4.15 presents SPM images of Yb,O,-doped TiO, thin films prepared on
glass substrate under different Yb,O, concentrations at Ar/O, of 8/2. It was found that

the surface roughness (present by root mean square roughness, R_) of the films were

rms)
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5.63, 15.53 and 10.25 nm for pure TiO,, 0.5 and 1 mol% Yb,O,-doped TiO,, respectively.
It was indicated that the surface roughness of films increased when doping with Yb,O,,
but increasing in doping amount of Yb,O, from 0.5 to 1 mol% slightly decreased the
surface roughness. In case of Yb,O, doped TiO, films prepared under pure Ar, the
slightly decrease in surface roughness when doped with Yb,O, was observed as shown
in fig 4.16. The surface roughness values of films doped with 0.5 and 1 mol% of Yb,O,
and pure TiO, under pure Ar gas are 10.25, 10.97 and 12.58 nm, respectively.

Generally, in the sputtering process, the microstructure and the surface
morphology develop during the film growth is controlled mainly by the energy of
depositing particles which is affected by pressure. There are several kinds of the high
energy gas particles, such as high energy neutrals (Ar’) recoiled from the target, high
energy of sputtering atom or high energy negative ions (O accelerate by the cathode
toward the growing films surface [47]. When the energy of depositing particles
decreases, the surface mobility decreases and the coalescence of crystals is limited.
The depositing particles are incorporated in the growing film at their impinging sites,
high points on the growing surface receive more deposited material than valleys

resulting in the formation of surface roughness.



R,.=5.63nm

R,..= 15.53nm

R.«= 10.25 nm

Figure 4.15 Two-dimensional and three-dimensional SPM images of (a) Pure TiO,
(b) TiO,-0.5mol% Yb,0, and (c) TiO,-1mol% Yb,O, films prepared on glass substrate

under Ar/O, at 8/2, heated at 500 °C and total sputtering pressure 3 Pa.
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R...= 12.58 nm
(b)
R,.s= 10.25 nm
(c)
R.= 10.97 nm

Figure 4.16 Two-dimensional and three-dimensional SPM images of (a) Pure TiO,
(b) TiO,-0.5mol% Yb,0, and (c) TiO,-1mol% Yb,O, films prepared on glass substrate

under pure Ar, heated at 500 °C and total sputtering pressure 3 Pa.
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4.2.3 Optical properties
This section show effects of Yb,O, doping on transmittance of TiO, film observed
via UV-vis spectrophotometer and optical band gap energy determined from Tauc’s plot

method

4.2.3.1 Transmittance

The effect of Yb,0O, doping on the optical transmittance of deposited filims was
shown in fig 4.17. It was seen that the TiO, film has high transparency in the visible
range of 400-800 nm. The average transmittance of films in the visible region is about
80 %. The transmittance of films slightly decreased with Yb,O, doping. This could be
attributed to light scattering loss effect resulting from the increased crystallite size and
surface roughness of the films. Besides, the Yb,0,-doped TiO, films showed rather
lower transmittance at 350-400 nm when it was compared with pure TiO, film. It is
observed that the absorption edges of Yb,O,-doped TiO, thin films are red-shift. This
shift is ascribed to the variation of the optical band gap energy of TiO, and Yb,O,-doped
TiO.,.

Moreover, the Ar/O, ratio and Yb,O, doping had played an important role on the
transparency together with the shift of absorption edge of films. It was found that the
absorption edge of films prepared under mixture gas (Ar/O,:8/2) shifts to longer

wavelength with markedly dropped in transmittance.
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Figure 4.17 Transmittance spectra of TiO, and Yb,O,-doped TiO,thin films prepared

under different sputtering gas and doping amount of Yb,O, at total sputtering

pressure 3 Pa.

4.2.3.2 Optical band gap energy
Optical transmission spectra of Yb,0,-doped TiO, measured at room
temperature with an excitation wavelength of 200-800 nm by a UV-Vis
spectrophotometer is shown in fig 4.17. Determination of the absorption edge or energy
band gap has been described in chapter 3. The tangential line at high « region of the
hvvs (OtE)”2 curve is extrapolated to intercept the hv axis as shown in fig 4.18. This

intercept value is defined as the energy band gap.
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Figure 4.18 Graphs of (aE )" versus photon energy, E (hv), for Yb,0,-doped TiO, films.

The energy band gap values of Yb,0O,-doped TiO, thin films prepared under
different Yb,O, concentrations, with and without O, gas flow were shown in Table 4.1.
The optical band gap of TiO, obtained in this work is about 3.19 * 0.01 which is
corresponded with general of the optical band gap of TiO, anatase (3.2 eV). However,
the optical band gap energy of films decreased as concentration of Yb,O, doping
increased. Moreover, the optical band gap energy of Yb,O,-doped TiO, film was

decreased when sputtered under O, gas flow.



Table 4.1 Band gap energy values (E, ) of TiO, and Yb,0O,-doped TiO, films

63

Target Yb,O, Concentrations | Ar/O, ratio Pressure Evg
(mol%)

10/0 3 3.20%0.01

TiO, -
8/2 3 3.18%0.01
10/0 3 3.17£0.02

0.5

TiO,-Yb,O, 8/2 3 3.156%0.02
10/0 3 3.15%0.01

1
8/2 3 3.13%0.02
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4.2.4 Photocatalytic activity

Photocatalytic activity was presented by kinetic energy; k. Determination of the

kinetic energy (k) has been described in chapter 3. The kinetic energy of Yb,0,-doped

TiO, thin films under UV and fluorescent irradiation was shown in fig 4.19-4.20,

respectively.

1.6
= TiO,-0.5mol% Yb,0,, 8/2
41 e Tio,-1mol% Yb,0,, 8/2
Ti0,-0.5mol% Yb,0,, 10/0
1.2 1

v TiO,-1mol% Yb,0_, 10/0

. T . T .
100 200 300 400 500
Time (minute)

Figure 4.19 Photocatalytic degradation of methylene blue solution as a function of UV
irradiation time of Yb,0,-doped TiO,films prepared under different sputtering gas (Ar/O,
and concentrations of Yb,O,. (l) 0.5mol%Yb,0,-8/2, (®) 1mol%Yb,0,-8/2,

(A) 0.5mol%Yb,0,-10/0 and (V) 1mol%Yb,0,-10/0.
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Figure 4.20 Photocatalytic degradation of methylene blue solution as a function of
fluorescent irradiation time of Yb,O,-doped TiO,films prepared under different
sputtering gas (Ar/O,) and concentrations of Yb,O,. (ll) 0.5mol%Yb,0.-8/2, (@)

1mMol%Yb,0,-8/2, (A) 0.5mol%Yb,0,-10/0 and (V) 1mol%Yb,0.-10/0.

As a result, the Yb,O,-doped TiO, films prepared with O, flow showed higher
photocatalytic efficiency than that of film prepared under pure Ar under both UV and
fluorescent irradiation. Moreover, the photocatalytic activity increased as the
concentration of Yb,O, increased from 0.5 to 1 mol%.

This can be suggested that the surface roughness and crystallinity had played a
significant parameter influencing the photocatalytic activity. The films with high
crystallinity and high surface roughness resulted in high photocatalytic activity. Because
of a low degree of crystallinity would imply a great amount imperfections and defects in
TiO, structure which could act as a recombination center for electron-hole pairs and led

to lower efficiency of photocatatytic activity. While the film with higher open structure
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and surface roughness would promote more number of active center for the catalytic

activity.

Table 4.2 Kinetic energy of the Yb,0,-doped TiO, thin films under UV and fluorescent

irradiation.
k under
Concentrations | Ar/O, k under UV
Target Pressure Fluorescent
(mol%) ratio irradiation
irradiation
10/0 3 18.2 x10" 6.38 x10™
0.5
8/2 3 21.5 X1O_4 8.81 X1O_4
TiO,-Yb,0,
10/0 3 19.6 x10" 6.01 x10™
1
8/2 3 30.5 x10* 9.68 x10™
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4.3 Er,0,-doped TiO, thin films

This section shows effects of sputtering gas and amount of Er,O, doping on phase
structure, morphology, surface roughness, transmittance and photocatalytic activity of

Er,0,-doped TiO, film.

4.3.1 Phase structure

4.1.3.3 Effects of sputtering gas, total sputtering pressure and target

concentration on Er,0,-doped TiO, films

E=Anatase

Figure 4.21 XRD patterns of TiO, and 1mol%Er,0,-doped TiO, (ErT) films prepared
under different sputtering gas and Er,O, doping. (a) TiO, 8/2; 3 Pa (b) ErT 8/2;3 Pa

(c) TiO, 10/0;3 Pa (d) ErT 10/0; 3 Pa.
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XRD patterns of Er,0,-doped TiO, thin films prepared on glass substrate under
various sputtering gas and pressure, were shown in fig 4.21. It was confirmed that all of
the deposited films composed of only reflection planes of anatase structure (JCPDS No.
211272) which was also observed the same results in case of using TiO, and TiO,-Yb,0,
target. But, an apparent change in preferred orientation grown occurred when the film
was sputtered at high pressure (3 Pa). For effect of Er,0, concentrations, it was
demonstrated that when concentration of Er,O, doping in TiO, target increased, the

crystallinity slightly decreased (fig 4.22).

B =Anatase

Figure 4.22 XRD patterns of TiO, and Er,O,-doped TiO, films prepared under Ar/O, at

8/2; (a) TiO, (b) Ti0,-0.5 mol% Er,0, (c) TiO,~1 mol% Er,0..
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4.3.2 Surface morphology

4.3.2.1 Filed Emission Scanning Electron Microscopy (FE-SEM).

FE-SEM images in fig 4.23 show the morphologies of Er,0,-doped TiO, thin
films deposited under different Er,0O, concentrations and sputtering gas. It was found
that the films prepared under gas mixture displayed porous structure with smaller
subgrain approximately 10 nm in size, grouped together to form one large grain of 120-
150 nm. The similar microstructure of 1mol% Er,0,-doped TiO, prepared under the
same condition was observed. At the same time, the Er,0,-doped TiO, films prepared
under pure Ar gas consisted of dense packed polycystalline grain with no gap between
them and their grain size is about 120-150 nm, which is similar to that of films prepared

from Yb,O, —doped TiO, target under the same condition. Moreover, the grain size of

Er,0,-doped TiO, films slightly increased with the amount of doping Er,O, increased.

Figure 4.23 FE-SEM image of the films deposited under different sputtering gas and Er,O,
concentration, (a) 0.5mol% Er,0,: 8/2, (b) 1mol% Er,0,: 8/2, (c) 0.5mol% Er,0,: 10/0

(d) 1mol% Er,O,: 10/0.



70

4.3.2.2 Scanning Probe Microscope (SPM)

R,s=5.63nm
(b)
R..s= 10.05 nm
()
R,= 10.67nm

Figure 4.24 Two-dimensional and three-dimensional SPM images of (a) pure TiO, ,
(b) 0.5 mol% Er,0,-doped TiO, and (c) 1 mol% Er,0,-doped TiO, films prepared on glass

substrate under Ar/O, at 8/2, heated at 500 °C and total sputtering pressure3 Pa.
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R...= 12.58 nm

R,..= 10.50 nm

Rs= 11.25 nm

Figure 4.25 Two-dimensional and three-dimensional SPM images of (a)TiO, ( b) 0.5mol%
Er,0,-TiO, (c) 1mol% Er,0,-TiO, films prepared on glass substrate under pure Ar, heated

at 500 °C and total sputtering pressure 3 Pa.
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Fig 4.24 shows SPM images of Er,O,-doped TiO, thin films prepared on glass
substrate under different Er,0, concentrations at Ar/O, of 8/2. It was found that the

surface roughness (R, ) of films are 5.63, 10.05 and 10.67 nm for pure TiO,, 0.5 and 1

ms)
mol%Er,0,-doped TiO, target, respectively. It was noticed that the surface roughness of
films drastically increased when doping with Er,O,. But it cannot show the difference
between doping with 0.5 and 1 mol% Er,0,. While, the films prepared under pure Ar gas

as shown in fig 4.25 have surface roughness (R approximately 12.58, 10.50 and

rms)
11.25 nm for pure TiO,, 0.5 and 1 mol%Er,O,-doped TiO, target, respectively. From the
results, it was found that the surface roughness of TiO, films had not significantly affect

by Er,O, doping when sputtered under pure Ar gas. It can be assumed that surface

roughness values are almost no different between doped and undoped films.

4.3.3 Optical properties
This part shows effects of Er,0,-doping on optical properties of TiO, films, which
consisted of Transmittance and optical band gab energy characterized by UV-vis

spectroscopy and “Tauc’s plot” method.
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4.3.3.1 Transmittance
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Figure 4.26 Transmittance spectra of TiO, and Er,O,-doped TiO, films prepared under

different sputtering gas and doping amount of Er,0, at total sputtering pressure 3 Pa.

The transmittance spectra of Er,0,-doped TiO, thin films deposited under
various Er,O, concentrations and sputtering gas were shown in fig 4.26. It was seen that
all spectra show the normal light interference pattern in visible region. In addition, the
interference pattern depends on the films thickness. The Er,0,-doped TiO, films
deposited under all of different target concentrations and sputtering gas have high
transparency as the average transmittance of films in visible region shown in fig 4.26 is
about 70-80 %. While the films prepared by doping with Er,O, displayed clearly drop in
the transmittance of film with slightly red shifted into the longer wavelength. A decrease
in optical transmittance is resulted from the increase an adsorption in the visible region.

It was suggested that, the sputtering gas and Er,0, doping had played an

important role on the transparency together with the shift of absorption edge of films.
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4.3.3.2 Optical band gap energy
Optical transmission spectra of Er,0,-doped TiO, films measured at room
temperature with an excitation wavelength of 200-800 nm by a UV-vis
spectrophotometer were shown in fig.4-26. Determination of the absorption edge or
energy band gap has been described in chapter 3. The tangential line at high a region
of the hv vs (aE)mcurve is extrapolated to intercept the hv axis as shown in fig.4-27.

This intercept value is defined as the energy band gap.

700
_— Ti02-0.5mol% Er O, 8/2

23’
600 — TiO,-1mol% Er,0,, 8/2
Ti0,-0.5mol% Er,0,, 10/0

— TiO,-1mol% Er,0,, 10/0

23

500

400

300

(aE)1l2

200

100

1.5 20 2.5 3.0 3.5 4.0 4.5 5.0

Figure 4.27 Graphs of (OCE)”2 versus photon energy, E (hv) of Er,0,-doped TiO, films.
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The energy band gap values of Er,O, —doped TiO, thin films prepared under

difference Er,0, concentration and Ar/O, gas were shown in Table 4.3. The energy band

gap of TiO, in this work is about 3.19+.0.01 eV corresponding to the general TiO,

anatase (3.2 eV). It was obtained that the energy band gap value of films prepared
under mixture of Ar/O, gas are lower than that of films prepared under pure Ar gas.

Moreover, the energy band gap values of Er,0,-doped TiO, films decreased as

the concentrations of Er,O, increased.

Table 4.3 Band gab energy values (E, ) of TiO, and Er,0,-doped TiO, films

Target Concentrations Ar/O, ratio Pressure E,, (eV)
(mol%) (Pa)
10/0 3 3.20£0.01
TiO, -
8/2 3 3.19£0.01
10/0 3 3.18+£0.02
0.5
8/2 3 3.17£0.01
TiO,-Er,0,
10/0 3 3.17£0.02
1
8/2 3 3.16%0.02

4.3.4 Photocatalytic activity

This section shows effects of sputtering Ar/O, gas and amount Er,O, doping on
photocatalytic activcity of TiO, film displayed by kinetic energy, k. Determination of the

kinetic energy (k) has been described in chapter 3.
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Figure 4.28 Photocatalytic degradation of methylene blue solution as a function of UV
irradiation time of Er,O,-doped TiO, films prepared under different sputtering gas
(Ar/O,) and concentrations of Er,O,. (l) 0.5mol%Er,0,-10/0, (®) 1mol%Er,0,-10/0,

(A) 0.5mol%Er,0.-8/2 and (V) 1mol%Er,0.-8/2.
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Figure 4.29 Photocatalytic degradation of methylene blue solution as a function of
fluorescent irradiation time of Er,0,-doped TiO, films prepared under different sputtering
gas (Ar/O,) and concentrations of Er,O,. (l) 0.5mol%Yb,0,-10/0, (®) 1mol%Yb,0,-10/0,

(A) 0.5mol%Yb,0,-8/2 and (V) 1mol%Yb,0,-8/2.

The results of photocatalytic activity under UV and fluorescent irradiation of films
prepared from different targets and sputtering gas show that the efficiency of Er,0O, -
doped TiO, films prepared under gas mixture (Ar/O,:8/2) was higher than that of film
prepared under pure Ar gas as shown in fig. 4.28 and 4.29. The efficiency of films
prepared under Ar/O, (8/2) was strongly affected by concentration of Er,O,, in that
higher amount of Er,O, doping resulting in higher photocatalytic activity. While, the
doping amount of Er,0, had less effect on photocatalytic efficiency of films prepared

under pure Ar gas.
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Table 4.4 Kinetic energy of the Er,0,-doped TiO, thin films under UV and fluorescent

irradiation.
k under
Concentrations Ar/Q, k under UV
Target Pressure Fluorescent
(mol%) ratio irradiation
irradiation
10/0 3 6.89 x10™ 5.32 x10™
0.5
8/2 3 10.67 x10* 7.69 x10™
TiO,-Er,0,
10/0 3 9.96 x10™ 5.59 x10™
1
8/2 3 23.1 x10™ 8.23 x10"
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CHAPTER V

CONCLUSION AND RECOMMEDATION

5.1 Conclusions

1. TiO, and Yb,O,/Er,0,-doped TiO, films showing photocatalytic activity under
UV and fluorescent irradiation of methylene blue solution have been successfully
fabricated by means of RF-magnetron sputtering method

2. The total sputtering pressure had played an important role on the surface
morphology of TiO, deposited films. At high pressure (3 Pa), the film displayed porous
structure with higher surface roughness resulted in higher photocatalytic activity. The
sputtering gas, with and without O, flow, had shown an effect on the surface morphology
and optical property of deposited films, which in turn had an influence on their
photocatalytic activity. The film prepared under pure Ar had finer grain structure with
higher surface roughness, resulting in higher photocatalytic activity than that of film
prepared under gas mixture of Ar/O, (8/2).

3. The crystallinity and surface roughness of Yb,0,/Er,O,- doped TiO, films are
significantly affected by sputtered gas. The doped TiO, films prepared under mixture of
Ar/O, (8/2) gas had fine grain structure with high surface roughness, resulting in high
photocatalytic activity.

4. The absorption thresholds for the Yb,O,/Er,O, doped films slightly shifted to
longer wavelength compared with the TiO, films which was attributed to the decrease in
its energy band gap. The increasing in the amount of Yb,O,/Er,O, dopant from 0.5 to 1
mol% resulted in the increasing in photocatalytic activity under UV and fluorescent light
irradiation.

5. From this study, doping TiO, with Yb,O, or Er,O, did not show an improvement
in photocatalytic activity of TiO, films. The optimal conditions for doping film should be

carried out.
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5.2 Recommendations

The recommendations for further study should be carried on finding optimal doping
concentration and surface modification of TiO, to enhance its photocatalysis efficiency
by reducing recombination of photo generated electrons and holes and to improve its

photocatalytic activity under UV and Fluorescent irradiation.
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APPENDIX A

Electron Probe Micro-Analysis (EPMA)
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Figure A:1 The Electron Probe Micro-Analysis (EPMA) of sputtred films. (a) TiO,-0.5
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mol% Yb,0, (b) TiO,-1 mol% Yb,O, (c) TiO,-0.5 mol% Er,0,(d) TiO,-1 mol% Er,0O, target.



APPENDIX B

JCPDS
B:1 JCPDS of Anatase phase (JCPDS No. 211272)
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APPENDIX C

Table C:1 The films thickness of TiO, and Yb,O,/Er,0,-doped TiO,

Films thickness (um)

Target Ar/O, Presure (Pa) STDEV
(Average)

3 1.08 +0.08

10/0
1 1.12 +0.03

TiO,

3 0.94 +0.04

8/2
1 1.06 +0.05
3 1.04 +0.09

10/0
TiO,-0.5mol% 1 1.21 +0.01
Yb,0, 3 1.05 +0.05

8/2
1 1.26 +0.05
3 1.01 +0.03

10/0
1 1.24 +0.05

TiO,-1mol% Yb,O,

3 1.07 +0.04

8/2
1 1.13 +0.02
3 1.03 +0.10

10/0
TiO,-0.5mol% 1 1.23 +0.04
Er,O, 3 1.05 +0.09

8/2
1 1.10 +0.03
3 1.02 +0.05

10/0
1 1.25 +0.04

TiO,-1mol% Er,0,

3 1.07 +0.07

8/2

+0.02
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APPENDIX D

(a) (b)
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Topography (nm) Topography (nm)

Figure:D-1 Histogram of surface roughness of TiO, thin films (a) 8/2 (b) 10/0
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Figure:D-2 Histogram of surface roughness of Yb,0,-doped TiO, thin films
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