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Kurzzusammenfassung

Die Herstellung von selbstreinigenden Oberflachéngoiten optischen Eigenschaften und hoher
photokatalytischer Effizienz steht seit einigenr@ahm Fokus von Forschung und Industrie. Fur
einen breiteren Einsatz dieser Technologie musgldidokatalytischen Effizienz und optischen
Qualitat erheblich gesteigert werden. Ziel dieserorsEhungsarbeit ist es, die
Beschichtungstechnologie- und Materialien hinsichtbieser beiden Parameter fir transparente
Schichten zu optimieren. Diese Aufgabe erfordere estandardisierte Analyse der hergestellten
Oberflachen und die Entwicklung einer Methode zuresblng des damit korrelierten
photokatalytischen Effekts. Der Schwerpunkt liegf aler Verwendung der physikalischen
Gasphasenabscheidungstechnologie (englisch: phys@&por deposition, kurz PVD) zur
Herstellung dinner Filme. Diese umfasst sowohl ddfinsatz ionengestutzter
Beschichtungsprozesse (englisch: lon Assisted Dmaskurz 1AD) als auch konventioneller
thermischer Verdampfungsmethoden.

Der Fokus dieser Arbeit liegt auf der erstgenanmitathode. Zu diesem Zweck wurden die
Plasma-Quelle Leybold APSpro und die lonenquellatde CC-105 eingesetzt. Dabei wurden
die wesentlichen Parameter fur die Herstellung vtransparenten photokatalytischen
Titandioxidschichten untersucht. Unterschiedlichatl&lungsstrome, SpannungsgréfRen und
Gasflusswerte wurden in der lonen-Quelle verwendeés wurden drei verschiedene
Beschichtungsanlagen eingesetzt: die SYRUSpro ¥d@0Leybold im Zusammenspiel mit der
lonenquelle APSpro sowie die BAK 760 und BAK 640 #&rma Balzers zusammen mit der
lonenquelle CC-105 bzw. CC-104. Es wurden solchscBiehtungsparameter ausgewahlt, die
typischerweise fir die Herstellung von EiBeschichtungen mit guten optischen Eigenschaften
verwendet werden.

Es wurde ein Vergleich zum Wirkungsgrad der Phdtdigae zwischen den TiBeschichtungen
durchgefuihrt. Die Ergebnisse zeigen, dass,-FHilne aus der IAD-Anwendung mit der Quelle
Denton CC-105 die grofldte Photoaktivitdt und aucakerai superhydrophilen Effekt besitzen.
Daruber hinaus zeigen die IAD Proben eine antintileite Aktivitdt gegenlber Test-
Mikroorganismen. Eine weitere wichtige Betrachtuagdie Untersuchung des Einflusses der
Beschichtungstemperatur, Verdampfungsrate und keeiteBeschichtungsparameter der
lonenquelle auf die optischen Eigenschaften deg-Filne mit dem Ziel, diese zu optimieren. In
dieser Studie wurde die bedeutende Rolle der spelzén Oberflacheneigenschaften von
Photokatalysatoren aufgezeigt. Durch den Einsathédener Techniken zur Charakterisierung
war es moglich, die Mikrostruktur von IAD- Schichtenit Anatas- und Rutil- Strukturen zu
beobachten.

Zusammenfassend lasst sich feststellen, dass mmt bD-Verfahren hergestellte Ti©
Beschichtungen durch  UV-Bestrahlung und sichtbaréscht nicht nur einen
Selbstreinigungseffekt zeigen, sondern auch eintiminobielle Wirkung entfalten. Diese
Eigenschaften machen Ti®ilme zu einem idealen Kandidaten fiir verschiedeneendungen
in der Prazisionsoptik wie z.B. fur Brillen und he&iborgeraten wie Prazisionswaagen.

Schlagworter. lonengestitzte Prozesse, Photokatalytisch aktivenaeliSchichten, Titandioxid,
PVD






Abstract

It has been an ambition of both researchers angsinds for the past many years to produce self-
cleaning surfaces that have a good optical quahty photocatalytic efficiency, particularly with
regard to a broader application. It is anticipateat the research described in this thesis wilb hel
to realize this aspiration by optimizing coatingheologies and materials as well as to introduce
standardized methods for surface analysis anddirelated photocatalytic efficiency.

The primary focus of this thesis is to produce tfilms using physical vapor deposition
technologies (PVD), which involves the investigatiof ion assisted deposition (IAD) and
conventional thermal evaporation methods. To addtbégs focus, the different operational
parameters of two plasma ion-sources, one from dleyPAPSpro) and another from Denton
(CC-105), were studied, as the operational paramedee essential in the production of
transparent photocatalytic titanium dioxide (3)jihin films. The discharge current, voltage and
gas flow were also varied in the ion-sources tedam the optimal parameters. Three coating
machines were used in this research: SYRUSpro ftb@0Leybold was used with the ion-source
APSpro, BAK 760 from Balzers with the ion-source-C@5, and BAK 640, also from Balzers,
with CC-104. The selected deposition parametersafothree processes were those that are
typically used to produce TigZoatings with suitable optical properties.

During the research, a comparison was made betwlenphotonic efficiencies for the
photocatalytic degradation of the dye methylene ldtidifferently processed TigZoatings. The
processes compared were that of IAD using CC-1AB, using APSpro, the conventional PVD
process, and commercially available photocatabtiive TiQ glass. These comparisons showed
that TiQ, films processed with IAD using the CC-105 sourcehildted the highest
photodecomposition rate and super-hydrophilicifeaf with the samples as well demonstrating
antimicrobial activity towards test microorganismanother notable consideration in the
production of TiQ films is the correlation of its optical propertiegith the deposition
temperature, evaporation rate, and various othposgigon parameters of the ion-source. All of
these were evaluated to find the optimal result.

This research greatly isolated the significant tbi the surface properties of the photocatalyst
TiO, play when coated using the IAD process, whichr@reviously been identified to such a
degree. Additionally identified was the complicarethtionship between anatase and rutile thin
films, which has an important impact on the photalgéic effect.

The conclusion of this research is that 7films produced using the IAD method have not only
a self-cleaning ability, but also an antimicrola#fiect both under UV illumination. As a result of
these properties, PVD prepared Tidms are a distinct candidate for use in diffdrapplications
involving precision optics, such as in spectaclesdow glass, laboratory equipment, for
example scales, and many more.

Keywords: lon Assisted deposition, Photocatalytically activia films, Titanium dioxide, PVD
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1. Introduction

1.1 Motivation

The focus of this research is to produce photogiitabxide layers and layer systems that show
a high optical transparency and photoactivity bingison assisted evaporation process with an
additional emphasis on supplementary charactesissach as, super-hydrophilicity and
antibacterial functions. A combination of photowsityi, super-hydrophilicity and an antibacterial
effect enables these layered surfaces to decommusesliminate organic and biologic waste
compounds by using ultra violet (UV) or visibleHig all while retaining its ‘environmentally
friendly’ characteristics. The Tilayers used in this research were deposited ukmghysical
vapor deposition (PVD) method and further improusd the ion assisted deposition (IAD)

process. This was done in order to improve theipusly mentioned characteristics.

The combination of these Tj@Ims having effective optical properties and #-skaning ability

is a significant and highly recommended aspect wimsidering the production of thin films. It
is much anticipated that both of these charactesigbgether will be greatly beneficial for
technology application and future resedt¢h As a result of the attention that this issue has
gained, researchers have frequently proposed gyaitd chemical mechanisms to offer an

explanation of the self-cleaning quality’.

TiO,, owing to its pronounced photoactive propertissdéemed to be a good choice in the
oxidation-reduction process. The photocatalytieeffwhich can be explained by the absorption
of UV quanta from the sunlight and the formationhales and electrons, which react with the
substances on the surface, is the mechanism thas fmntermediate products that aid in the
destruction of organic compounds. The exact cdiogldetween the morphology of coated films
and the self-cleaning effect using complex paramseié ion assisted deposition was previously
not well understood. This research has successfuldieavored to resolve this, allowing for the
development of thin films that can be used in rplétiapplications, such as high index materials

and precision optics.

To understand the different levels of photocatalgictivity and the parameters affecting it, thin
films prepared under defined conditions have tstedied. The coating parameters have a direct
impact on thin film properties like crystallinitgurface morphology and hydrophilicity. Besides
generally important quantities of PVD-processeshsas, substrate temperature or pressure, the
main objective of this research is to control tngek characteristics by the ion-source features. To

guantify their influence, a careful characterizatiof the resulting thin films by appropriate



analytical techniques is crucial. The aim shouldtbefind a suitable explanation for those
apparent correlations. By doing so, it is possibléacilitate the production and use of laminated

structures by creating a dense layer of atoms.

From a more technical perspective this thesis mIguit to generate titania films that exhibit
a hydrophilic property and also enable high phdgdghc activity. This has led to an analysis of
different types of transparent mineral glassestara smaller degree plastic, so that their optical

guality can be enhanced.

In regards to commercial and industrial uses of tesearch, there is a high possibility for its
application and much market potential for the plasnd ion assisted evaporation procedures.
Not only do these procedures offer the abilityrttegrate with existing industrial implementation
processes, but they also provide (1) adaptabifitthe process parameters for photocatalytically
efficient high optical quality layers and layer ras, and (2) achievable suitability for different

substrates and evaporation systems.

Owing to rapid developments in the fields of nanbtelogy, precision mechanics, thin film
technology, and novel materials, a more preciseviedge of the surface characteristics and the
guality control after processing is a vital chaffenTreatments that provide a self-cleaning ability
to surfaces are both economically and commerckilipificant. This also makes the surfaces
environmentally friendly by reducing the need fonsumption of cleaning chemicals. Because of
these characteristics, self-cleaning surfaces Ipdiegpin many fields, such as industry, traffic,
construction, and have an immense worth in allfiblels which employ them. They can, for
example, save the time spent by workers on thenitlgaof surfaces, while also maintaining
a satisfactory standard of hygiene. Self-cleaningfases can also be applied to different

transparent plastics which have good optical gualit

The ultimate objective of this research is to desgprocess for transparent Fifms of high
photocatalytic activity by surface modification. ©af the auxiliary objectives to accomplish this
primary was to correlate different thin film depash process concepts, which may include
electron-beam vaporization techniques or the usgadbus ion-sources, with the process of
photocatalysis. These electron-beam vaporizatiochnigues can produce, by selecting
appropriate parameters such as substrate temperatucoating rate, dense layers that can
effectively improve reproducibility of layer morplogy. The water contact angle is used to
evaluate the surface wettability and the reinforeeimof the hydrophilicity by surface

morphology, which corresponds to the self-cleamfigct.



1. INTRODUCTION 7

1.2 Research Strategy

1.2.1 Photocatalysis

The term ‘photocatalysis’ refers to the processpbbton-driven catalysis. In essence, the
photocatalytic reactions, which include organic dtdde degradation, occur on the contact
surface and break down organic waste compoundsrégiation of light. This then allows the

organic dirt to be easily washed away, making thetgcatalysis process environmentally

friendly and very easy to maintdftf*.

To aid in the photocatalysis process a JJ#®miconductor was used. It is well known to be the
preeminent metal oxide for this purpose, and tloeeehas been the subject of many prior
academic and industrial studi&s®®. It also is a widely-used high refractive-index nmitein
optical thin films due to its preferable band gampperties*>¥ and is well suited in the
production of coatings that are transparent incadspectral rand&=>*', all of which make it the

most promising of the known photocatalytic mater4l *"".

1.2.2 lon and Plasma Assisted Process Concepts

The main focus of this research was the implemematf IAD processes due to their many
advantages compared to other deposition proce3ses.fact that IAD can be quickly and
efficiently implemented to existing deposition s, when used with ion-source equipment,
gives this process one of its many advantages. dffiency results directly in a lowering of
both cost and tim€® ¥ The level of flexibility and control offered by then-beam techniques is

an advantage to both processes when compareddaogzth-discharge procedures.

Another important aspect of the research was thengation of these ion assisted processes,
especially in regard to the production of Jifayers that are photocatalytically efficient under
UV-irradiation. Ideally, the layers should have eglb mechanical hardness, adequate optical and
microstructure properties when tested against advehemical effects. Innovation in the
optimization of photocatalytical processes was adetb achieve these properties. This has
several central issues. Two of which are the mashanf demineralization and the definition of
promising coating parameters. Varying process qusdeave been proposed using Denton’s CC-
105 ion-sourc&®*¥ which was chosen as a result of its ability to gateeinert and reactive gas
ions of different energy levels. This ion-sourcesvemmpared against Leybold’s APSH§ as
together; they both represent state-of-the-art det@pgoating set-up technology and are used in
today’s precision optic8>*®. Generally, the ion-sources provide a great rasfigapplication

where functional layering is requiré§>?.



The project management schedule followed in ordeealize the previously described objectives
was strictly adhered to, and is classified in thgeeups: First is the ‘management of process
parameters’ group in which the coating parametees defined. Next is the ‘coating and
characterization’ stage in which the samples amgerbusing the defined parameters and then
analyzed. The final stage is for ‘innovation andpayment’ where applications are sought for

the processes based upon the gathered results.

1.3 Overview of thesis

The research work for this thesis was done in atzoure with the following schedule:
First and foremost is the basis of this research:

* Production of PVD thin films with and without iomsrce and comparison between

different deposition processes and parameters.
Following this is a managed and continuous worlcess in the ensuing steps:

* Rough parameterizing of ion assisted evaporatintherbasis of thin layers from oxidic
coating materials, predominantly TiO

» Studies for subsequent pretreatment methods, sucleaning steps and a plasma etching
setup, and treatment techniques in the coating plarh as influence of temperature.

* Innovation and employment of an on-line measurernsgatem for demineralization of
methylene blue.

» Evaluation of the elementary characteristics ofrbptilic and antimicrobial layers.

» Influence of the process parameters on the fundheoptical characteristics of
monolayers.

» Study of microstructure and adapted parameterizirie photocatalytic performance.

» Realization of the appropriate anatase phase, ¢ciatain relation to the optical quality
losses and homogeneity of titania layers.

» Correlation between microstructure and functiomapprties of titania films.

* Extension of the research area to visible lighgeaphotocatalytical activation.

* Industrial application.

The subsequent chapters in this thesis all focuslifferent issues. Chapter 2 first contains a
thorough review of the existing research in thilfe photocatalysis and coating processes for an
overview of the current state of research. Chapuescribes the PVD processes employed in the

experiments carried out for this research, whilegiér 4 gives the methods used to calculate
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photonic efficiency of films, which includes the rposely developed system and software.
Details of a two-path laser measurement systemighated to determine the kinetic performance
of the TiQ, catalyst under well-defined light illumination atitions are also provided in Chapter

4 and the results from this mechanism studiesiapeisised in Chapter 5. Chapters 6 and 7 present
the structure, surface, and optical propertiestanit thin films. In Chapter 8, correlations based
upon the analysis and the experimental results dassvn, and conclusions are described.
Inferences on how to optimize the functional prdipsrof thin films under visible light are given

in Chapter 9. This Chapter is also dedicated tosiptes future research in the field of
photocatalysis, and discusses new and innovatige akthin films. Succinct conclusions of all

the chapters can be found at the end of the thedigliography can be found in Chapter 11.
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2. Basics

This chapter concentrates on a general overvierelevant research aspects carried out. These
relevant topics are photocatalysis, Ti&€s a photocatalyst, crystal modification of Ji®@isible
light and doping Ti@ methylene blue as a degradation model, anti-nattend self-cleaning
effects, and deposition processing of titania fiims. Other related research discussed includes
correlations between various factors influencingstal structure, surface morphology, and self-

cleaning and optical quality.

2.1 Photocatalysis

The basis of the photocatalytic reaction studiethia research is the fact that fi@as a wide

band gap of 3.2 eV and will generate electron/k@lg") pairs when illuminated (Equation 1).

hv 2E,
TiO, + v — TiO, (e” in CB + h* inVB) Equation 1

whereE, is the semiconductor band gap energy.

The valence band (VB) potential has enough posdharge to generate hydroxyl radicalSK)

on the surface of the thin films, and the conductiand (CB) potential has enough negative
charge to form superoxide radicals,{{***°. The role of photoexcited titania particulatestise

to act as pools of electrons and holes which camskd in some multielectron transfer processes
(Eq. 2a to 2dY*® *". Therefore:

e, + hiy, - e + hf. (lattice and/or surface trapping) Equation 2
e, + hi, (@and/orhf.) - recombination 2a
ey, (and/or e;;) + h}, — recombination 2b
ez, + hf, —» recombination 2¢c
Ti— 'OH+ RH—- - - ..photooxidations 2d

Ti—OH + RH— - — ... photooxidations

e + compound — — — ...photoreductions

wheree, is a trapped electron, for example a&" Tand H; is a trapped hole denoted here as

a surface bound OH radical, i.e. as@H 8. The hydroxyl radical is a powerful oxidizing agen
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and the organic pollutants that are present aear the surface of the semiconductor are normally

oxidated to C@ This process can be given as such:

. hv zband gap energy .
Organic + 0, CO, + H,0 Equation 3

The outcome of the separated electron and hole egoitation can follow several pathways.

Figure 1 illustrates some of the de-excitation patys for the electrons and holes.

A

) 4
- L
FFA

-%—L, CB Red+
A

5 I
\ g/ Red
| Il

Ox- GLI \Q

Aads

Ox Surface Recombination

v

Figure 1. The Photocatalytic Mechanism occurring in four steps. | and Il: absorption of photon
energy greater than the band gap energy of material and generation of photoexcited electron-hole
pairs in the bulk. Ill: Reduction of acceptor (A). IV: Oxidation of Donor (D) (591,

To expand, Pathway | corresponds to the voluméetemiconductor particle and Pathway Il to
the surface, both showing the recombination ofstigarated electron and hole. The photoinduced
electron transfer to adsorbed inorganic or orgdorens to the solvent consequences from
migration of electrons and holes to the semicoratustirfaceé®. The efficiency of the electron

transfer process is greater if the species aragserbed on the surfad.

Pathway Il shows that on the surface the semicoioducan donate electrons to reduce an

electron acceptor, which is oxygen in an aeratédtisa.

Pathway IV then exhibits that a hole can migratéht surface where an electron from a donor

species can combine with the surface hole resutig oxidization of the donor species.

The positions of the band edges for the conductiosh valence bands and the redox potential
levels of the adsorbate species determine the pildpaand rate of the charge transfer processes

for electrons and holes. The valence band holeether be trapped at intrinsic oxygen sites or
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can influence organic species present in the solufio give an example, with methylene blue
decolorization, photogenerated hole’s firstly induce the formation of the dye radicaltioa
MB'* which is converted to MBOOby O, ®. Conversely, later in the degradation process the
peroxy radical additionally reacts further to thi@and inorganic acids and ¢© lastly formed
after a series of photocatalytic reaction stepsthi intermediates aniline, 4-nitroaniline and
acetic acid.

2.1.1 Photocatalytic process

The mechanism of Photocatalysis with Ti® provided in full in the Chapter 4, but a sumyniar
given below.

Numerous metal oxide and sulfide semiconductore l@nd edge positions outside the reduction
potential of @/O,and-OH/H,O. They cover TiQ(E,~ 3.0~3.2 eV), SITiQ(Ey = 3.2 eV), ZnO
(Epg = 3.2 eV), and CdS (g= 2.5 eV) (Figure 2). Yet, among these semicoratsctTiO, has
proven to be most inexpensive and suitable for spdead environmental applications. It is
chemically and biologically inert. Compared withhet semiconductors, TiOis stable with

respect to photo-corrosions and can be used ostnged periods.

N
=
o

V Versus NHE

Figure 2. Band edge positions of selected semiconductors (e.g.TiO,: 3.0) in contact with an
aqueous electrolyte 29 The bottom of the valence band is indicated by the hatched lines, and the
position of the H'/H, and 0,/H,0 redox couples, important for water splitting, are also specified.

TiO, has a wide band gap and generates electron/nié) (@airs when illuminated. The redox
potential of the KDO/*OH couple (-2.8 eV) lies within its band energy, that it can be used for
water splitting®®.



14

There has been a large quantity of literature coricg the mechanism of the photocatalytic
effect since the discovery of the electrolysis atav on TiQ electrodes by Fujishima and Honda
in 1972, After this, the potential application of titarés the most efficient photocatalyst has
been the driving force behind the development o@syeto-clean’ surfaces exhibiting

photocatalytic degradation of organic pollutantg(Fe 3)©°¢,

H
o \ o M
Tig Tig 1N
I o |l o H | o-H
= H -~ —_—
JN +HO vy H H™Shift /T'\o .y
(o) > (o) i -
\/ \/ H \T_/

h ;e ~— i —
2 LT —o° '\ O~H
_II__/O _!_ /0 H .:.i/o\H

1 1
- ~1 ~~o-H 1o
(o] o ] NH
H

Figure 3. Mechanism explaining the addition gbHand proton HShift on the titania surfac®’.

The hydroxyl radical is a powerful oxidizing ageartd organic pollutants are present at or near
the surface of TiQ resulting in their complete oxidation to €% %! In heterogeneous
photocatalysis systems, photoactive propertiesdsordate molecules and catalyst substrates
determine the chemical transformati¥h®>®"! For inert oxide substrates, it is between the
adsorbate molecules where electron transfer takes pThe function of the catalyst is only to be
a platform for efficient molecular interacti§ff. Photoactivity of catalysts is influenced by
various factors, namely morphology, crystalline lijyaparticle size, size distribution, phase

composition, porosity, density of hydroxyl groupand gap and surface af€a

TiO,, as the most well-known photocatalyst, has a pralality of catalyzing decomposition of
dye under light, and in the presence of oxygencesthere are many other authors who report the
same, just as an example of the experiments coedlit2007 by Faisal et &%, Dulay et al"?,
Hurum et al™. It was found that Degussa P25 has a higher phttytic activity than other
TiO, powders. Optimum photocatalytic efficiencies axkilited at pH 10 and pH 4.6. At alkaline
pH, this efficiency is attributed to hydroxyl radis forming on the Ti@surface more efficiently

with increasing concentration of hydroxide ions.

Research shows that it is very important to adagtight source (the type of lamp used, type of
filter and/or reflector and/or diffuser used; irgdgy of radiation, spectrum of the incident
radiation), oxygen amount, whether dissolved in gbkition scavenges the electron generated,
preventing the recombination of electrons and hgbtt conditions depending on the kind of

defined pollutant parameters to achieve high dedraw rates. As seen in the literature, phenol
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conversions were found to be more important fod @ban for basic media, Okamoto et al.,
(1985)" and Serpone et al., (1998) have reported that pH 3 was the optimum for the
photocatalytic decomposition of phenol. This phatatytic degradation was complete after

5 hourS[Z, 60, 73, 74.]

A new approach was suggested in 2003 by Huftlrim that they used the electron paramagnetic
resonance (EPR) to characterize the behavior ofeoited electrons. They reported that the
electrons are first changed from rutile CB to lomaktates (traps) having their energy level in the
anatase band gap, then to anatase particle suifatemodel requires that the rutile phase, as
well as the anatase phase, is present, which calltkfor e.g. P25. This application can be

related to prepared IAD titania films if both phasswe present. Additionally, as rutile is active

under close to visible light, it is able to absonbre photons that contribute to an increase in
global efficiency. Figure 4 elucidates the two elifint approaches: the original theory and
Hurum’s approach. At any rate, it seems clear thatstrength of Degussa P25 is the contact
between rutile and anatase that allows chargesat@paat the interface of the two titania phases.
The aim these two new approaches is to underskencetiuirement of anatase and rutile contacts

for the prepared IAD titania films.

A) Rutile Anatase

hv
B) Rutile Anatase
B O B
— /\c‘
—_— L — e,
Pad — — h surface

S
vB

Figure 4. Approaches to characterize the behavior of the excited electrons. (A) The P25 activity
model showing charge separation on rutile and anatase performances as an electron sink
(previously proposed prior to 2003) 58,751 () Proposed rutile antenna model and following charge
separation (proposed by Hurum on 2003) =
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2.1.2 Coated Ti@as a Photocatalyst and Microstructure Influence
(@) Surface Structure of TiO,

Nanoparticle-based Titania photocatalytic gradieoftings can be deposited on various
substrates, including plasti& " In order to obtain a better UV light trapping lapj
Japanese researchers Nuida, Kanai, Hashimoto, Wsaand Ohsaki designed a Tif@posited

Al mirror with a self-cleaning abilit}® ®®. The surface prepared in their research showed
improved photocatalytic efficiency, from 1.2 to lidhes more efficient, and a hydrophilicity rate

that was 3.3 times improved as compared with sifige layered glass of the same thicknB%s

Hashimoto, et df?. have shown that the surface structure of,Talanges after UV irradiation,
forming a metastable state. However, they haveyabbbtained a definition of this state which
could be caused by an increase in the number abkyd(OH) groups on the Tigsurface. They
proposed a mechanism for the highly hydrophilicvession under UV light illumination, as

shown in Figure 5.

To give further details, the photogenerated holexlyced in the bulk of TiQdiffuse to the

surface and are trapped at lattice oxygen sites.

Most trapped holes are consumed to react with dseraed organics directly, or adsorbed water,
producing OH radicals. However, a small portiortted trapped hole may react with Bi@self,
breaking the bond between the lattice titanium arggen ions by the coordination of water
molecules at the titanium site. The coordinatedewanolecules release a proton for charge
compensation, and then a new OH group forms, Igattinthe increase in the number of OH
groups at the surface. It is considered that thgl\sicoordinated new OH groups produced by UV
light irradiation are thermodynamically less statdnpared to the initial doubly coordinated OH
groups. Therefore, the surface energy of the, B@face covered with the thermodynamically
less stable OH groups is higher than that of tl® Surface covered with the initial OH groups.
Because a water droplet is substantially largem tha hydrophilic (or hydrophobic) domains, as
shown in Figure 5, it instantaneously spreads cetefyl on such a surface, thereby resembling a

two-dimensional capillary phenomen@i.
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Figure 5. Schematic illustrations of reversible changes in amount of hydroxyl groups on TiO, film
under UV light irradiation and in the dark (791,

Following is a quick citation example of the litenage, as the focus of the work has already been
defined for thin films. Shape, size and the crjistal phase of Ti@® nanomaterials can be
determined. The morphology of TiQransforms, from particle to rod-like and bowkii&ée,
when the pH of a solution increases, and the diiysigphase changes from anatase to brookite.
The diameter of the nanoparticles reduces withnarease in the acidity in the system, with the
smallest being 7 nm, exhibiting a higher surfaceaaand photocatalytic efficiency for the

degradation of phen8f.

When compared made by conventional PVD thin filmgsoporous Ti®thin films could be
more photocatalytic, mainly due to a higher actueface are& % The highest photocatalytic
activity and the slowest conversion rate, hydrophaind hydrophilic state, have been observed
in mesoporous thin films calcined at 400 °C, whiem films are composed of both anatase and
rutile phase&™. In this case, the equilibrium adsorption of méhg blue on the film relates to
0.575 x 1&*mol/cnt. For example, the surface area engaged by a nielbtii was calculated to
be approximately 0.615 rfmthe monolayer on an area of 1%oontains 1.63 x I molecules.
The limiting of MB relates to 53.4% of monolayewneoage, which is a result of this calculation.
Otherwise, the effects of calcination temperaturédB&T surface areas are 69.9, 10.5, and 2.7 for
500, 700, and 900 °C, respectivéfy

It has been further demonstrated in other studies mesoporous TiOcan be successfully
synthesized with a sol-gel method, and 450 °C wattisample was approx. 2 um, surface area:
212 nfg™, pore size: 6.2 nm, and crystal size: 8.2fmMesoporous Ti@films were used in
other studies as the template matrices, with theopwrosity defined as narrow pore size

distributions and synthesis through sol-gel techaiq
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Films deposited on ITO-coated glass consideralfferdin their porosity characteristic to those
prepared on glass slides; their porous system ajisph bimodal pore size distribution. This
results from the shape of the adsorption isothemmssadsorption and, especially, desorption
branches show two regions of steep increase andateein the quantity of adsorbed®r As a
mesoporous film comprises of anatase pore walls\ands filled with air, such an index of
refraction, is an effective value correspondin@ tporosity of 37% for mesoporous layer. This is

only slightly larger than that revealed from theaisorption experiment (3098}.

There are limited consistent studies investigatirggeffect of the thin film microstructure on the
photocatalytic activity. The film crystallinity igsually the main topic of interest, with the grain
structure and porosity being commonly ignored, Wwhecsurprising as the film porosity especially
influences the active surface area, in turn ha@ngrong effect on the photocatalytic activity.
There are previous studies that to show that tine rfinicrostructure is strongly related to the
photocatalytic activity of the Tigihin films ® %, The thin film surface area can be increased by
increasing the porosity. The dimensions and thereadf the organic substance to be broken
down are important for obtaining the minimum poiees The thickness of the thin film,
especially for high porosity, is also important doethe depth of the pores and the increased
active film surface ard& %!

The environmental stability and the precise desredlity of optical IAD coatings are in large
part limited by the film microstructure porositypne than the porosity. The reason for this is in

IAD thin films on transparent glass, the primordifflect is the microstructure.

One focus of this thesis is to ascertain two poi@ise being whether the titania microstructure
beneficially enhances the transfer of photo-gerdratectrons from the anatase phase to the rutile
phase. The other is the reduction of the electrole-bombination rate in anatase resulting in an
enhanced activity. The increase of photoactivitd &gdrophilicity can be deduced by specific
high surface areas, mesoporous structures, suifisigrface hydroxyl content and the degree of
surface roughne$¥!. The question is whether IAD samples should oukhnot be mesoporous,

and using which coating parameters.

The mesoporous phenomena discussed here was uaetbagarison to the IAD samples. The
benefits of mesoporous thin films are not usabléherdegradation of a solid adsorbed layer as
their activity remains low. However, but such filnt&n be of good use when initiating
photocatalytic degradation processes in the gaspbasé®. TiO, films prepared using r.f.
magnetron sputtering in fAr mixture on cold temperature; 50 °C to 60 °Cijcate glass

substrate show a growth of anatase and rutile ghase
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Deposition processes modeling has advanced by méiwirty design rules and spacing to avoid
porosity to influence the optical quality. Fractiodepend on pre-treatment parameters in these
cases; with an increase in the total pressurergatli a rutile phase showing a tendency to
convert to anatase. XRD measurements of these §iloe a dependence of morphology on the
thickness of the thin films in that once the thieka exceeds 65 nm, the amorphous structure
converts to anatase phase, with some trace oé mitiase. Pure anatase phase is achieved with a
thickness of 185 nm, and shows the best photocdatadtivity. Experiments show that a

correlation exists between photocatalytic actieityl anatase phase and size of anatase §rains
(b) Microstructure of TiO ,

TiO, has 11 allotropic forms: anatase, rutile, brogKii®,-B ‘bronze’ and seven high pressure
phases of Ti@Q These latter phases do not occur in nature aeg déine synthesized by high

pressure treatment of anatase or riffie

Anatase is used in most research regarding phalgsat® *® °* ! mainly due to its more

thoroughly characterized aspects when comparedtile {such as electronic behavior and bulk
structural). This high usage is mainly a resulth# preparation methods used in that it is, for
example, easier to generate anatase than rutidengieratures below 600 °C. It is only possible to
obtain rutile above 800 °C, the transition tempaeato the thermodynamically most stable phase

rutile 28,

Many publications describe the benefits of certaiating of the structure and optical coating of

97100 TiQ, crystallizes depending on, for example, the titamiprecursor and the

thin films
applied temperature in the well-known phases: aeataitile, and brookite. The anatase phase is
regarded as being the most suitable for photocstglespecially the {001} facEf!, while the

rutile phase is used for optical and electronigpaes due to its high dielectric constant and high

refractive index.

The following Figure 6, shows that all arrangemearts a build-up of Ti@octahedra forming
a three-dimensional network, a regular assemblgraf parallel chains and a regular assembly of

somewhat staggered chains with anatase, rutilésoukite, respectively.

Table 1 shows the crystal parameters of the diftefeO, forms.
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anatase-TiO, 3.78 A
4

2.96 A

Figure 6. Crystal Structures of Titanium Oxide. Fragments from the crystalline arrangements of
(a) anatase, (b) rutile and (c) brookite 1**.

Table 1. Cell parameters and density of TiO, forms, p,is the selection density (102]

Form a(h) b (A) c (A B (°) ps (cni.gh) Space group

Rutile 4.594 4.594 2.9586 90 4.25 P42/mnm
Anatase 3.777 3.777 9.501 90 3.92 [41/amd
Brookite 12.163 3.735 6.513 107.29 3.76 C2/m

2.1.3 Industrial Application of TiQ Photocatalyst

The role of nanotechnology in the production of tokatalytic, super-hydrophilicity and
transparent thin films is pivotal, and multiple sis¥ surfaces deposited with thin films make this

subject essentially interdisciplinary.

The possibility to photocatalytically improve theydnophilicity of TiO, surfaces has been
researched since 1995 and substantial amounts safaneh have been conducted on the
morphology and structure of thin films, photochdnyispractical applications and the ways to
improve photocatalytic characteristics (Figuré#§- ® 1%

Development in this field of TiQphotocatalysis is still ongoing, yet Hashimito afdjishima
believe that its rapid advancement over a ten-gpan serves as one of the best examples of how

scientific knowledge can develop and produce a inelwstry.
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Figure 7. Hydrophilicity effect on photocatalysis. Left: Gradually-adsorbed dust degradation by
strong oxidation. Right: Removal of a large quantity of dust via pouring water, thereby using the
super-hydrophilicity effect.

The photocatalytic activity of TiQis biased by numerous features, including filntkhess,
surface area, degree of crystallinity and cryseablize. The microstructure and porosity of the
thin films can expand the surface area. The thisknaf the thin film is important. For high
crystallinity it is advantageous and alluring tonimize the number of grain boundaries, such as
to increase the grain size. This is in oppositmihe desire to increase the surface area, suth tha
a typical grain size range of approximately 10-20ia deemed an optimum compromise between
these two concerns. Anatase is reported to be th& photoactive phase of the three most
common TiQ crystalline phases, making this is one of thearasvhy most studies labor with
crystalline anatase thin films. Anatase is alsodtystal phase which forms most easily for small
grain sizes and at the processing conditions isnoonty used. Crystalline thin films for many
techniques can only be achieved when heated duingfter coating, thereby limiting the

substrate material choice and making most polymetrspplicable.

Additionally, uptake of sodium or other detrimentaintaminants from the substrate must be
avoided® "\ TiO, films are usable in various commonly-known comr@rproducts, such as

s[lZ, 79, 104

medical equipment, or mirrors used in automobilad sindow ] Researchers have

struggled to determine optimal parameters, suchight intensity or reactor set-up, for the
utilization of TiO, in the deposition of thin film& % 8% 1]

A good amount of work has already been done irfi¢he of photocatalysis in the last 2 decades,
most of which shows that deposition methods andifiecof TiQ coatings are not limited in their
scope to the sophisticated industrialized econandissin example, it has been proposed that it is
worth researching the uses of solar photocatatgsiietoxify water contaminated with pesticides,
which can be useful for an agrarian socl¥f). Other research has concluded that it is posgible
develop easy-to-use methods that can then be eetploy urban and semi-urban areas of
developing countries for the degradation of contemis’®’. TiO,, along with solar energy, is
more useful for disinfecting water than solar egeatpne, and as a catalyst it ensures safe usage

that is both suitable and reusable. Many vigordtesvgts have been made to explain this ‘easy to
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clean’ phenomenon by analyzing it from various aspé " **® Outside during the daytime,
there are typically several hundred milli-Watts geguare centimeter of UV light even in the
shade, which is low from the overall vantage pointnergy density. However, this is huge when
compared to molecules adsorbed on the surface iasathount approximates to “£0of
photons/crh per second. It should however be noted it is amhen the number of incident
photons is greater than that of molecules gathesmthe surface per unit time that this function
is effective. Put simply, this is not an effectifuenction when the flux of photons is insufficient

compared to that of the organic substarfée’.

Research completed using Ei@n coliform proves that this decreases the conagom of
coliform in under 10 minutes, and also preventsirtheegrowth after photocatalytic
disinfection™. Recent research shows that there is an environimpassibility of making
photocatalytic water treatment technology more cenanally viable for industrial application via
the use of Ti@Kaolin™*. Another useful application of TiOn the field of environmental
sciences is the complete mineralization of toxigaoic pollutants. Photocatalysis provides a
clean, attractive, low-temperature, non-energynisitee approach to dealing with pollutants in
water and wastewater, which has caused it to leewsffor the environmental sciences, with the
role of TiO, in the destruction of pesticides researched byniiraet al. (2004f'" as an
example. This expressed research shows thai @&ifBances the photocatalytic degradation of
monocrotophos MCP which is a widely used and extigrtoxic organophosphate insecticide,
making TiQ even more commercially viable. For the completaarilization of MCP, Ti@
takes 540 minutes and less than 420 minutes whpposied by K zeolite. Resulting from
increased adsorption of MCP SHupported Ti@is more active towards degradation than other
catalysts, and therefore optimum loading of Ji@h zeolite surface alone can improve the
degradation rate. TEHP zeolite has been discovered to be the best inhagi®t activity of
isomer 5. Organic reactions on solid supports fgareered much attention of late as a result of
the advantages these catalysts possess, such iarligonmentally friendly nature, acidic

[L12.113] their easy work-up™¥, and

properties, the high purity of the products, she@ectivity
their recyclability and cutback in waste productionl. HB zeolite also shows higher photonic

efficiency in degradation and mineralizattoh.

Another advantage of Tids in its industrial application to reduce theotlution (Figure 8 left).
Research recently completed in the U.S. to deteritiia abrasion and wear resistance properties
of TiO, and its impact on the environment shows that thariug of the samples with 5% TiO
provided a small decrease in the coating NO remeffadiency of 26.9%. However, the sample-
wearing with 3% TiQ gave a slightly improved NO removal efficiency b8.0%™Y. EDX

analysis confirms that during intensive utilizatiotime relative concentration of Ti on the



2.BAsIcs 23

specimens did not substantially change, as compgar#ite original samples. The dependence of
the NO removal efficiency on humidity, coating cawsfion, and flow rate has to be further

investigated to evaluate the potential of releasiagoparticles into the environment prior to

validation of technological efficiendy®.

Figure 8. Examples of industrial application of titania photocatalyst. Left: air purification in
automobile industry. Right: glass quality in windows industry (7],

While general industrial use is both possible asefui, an important utility of Ti@layers or
multi-layers is in the optical industry (Figure Bjht) if a high optical transparency can be
preserved. Dense TiQhin films can be deposited using different preess such as sputtering
and IAD"*®. Research has been carried out to improve optjeality of thin films which, in
technical terms, depends on their refractive in@me of these studies by Graeizal ™ in 2006

on a variable refractive index prepared using iearh and plasma enhancement confirms that the
porosity decreases the value rof This correlation has been noted specifically wiltm films
prepared with Plasma-Enhanced Chemical Vapor DepogiPECVD) involving high amounts
of Ti. Films prepared with lon-beam Induced ChetnMapor Deposition (IBICVD) show the
opposite results, hence leading to the conclusianthe presence of Ti affects the ‘polarizability’
of ions and optical properties of thin films. Thizethod might be worthwhile in quantifying
optical ultrathin films, for example 10 nm, whetds difficult to determinen via other optical
methods'?°., This paper shows that there is a linear cormiatietween the Auger parameter in
mixed oxides and the electronic polarizability gainfrom the refractive index through the
Lorentz-Lorenz relationship. Additionally, due t@omomic and technical disadvantages, the
CVD process is no longer productive in the coatofgthe most well-known commercial
photocatalytic glass product, Pilkington Activi#,

Corrosion current density and the corrosion ratenaftilayers on the basis of titanium were
found through examination of the potentiodynamitapsation curve$??. The corrosion current
density for the TiN+multiTiIAISIN+TiN coatings coateby PVD process is 0.38A/cm? and
TiC+Ti(C,N)+Al,Os+TiN deposited by CVD procedure is 0.aA/cn?, which attests to good
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anticorrosion properties of the PVD methods. Rewltfrom the use of the multilayered

deposition in the PVD procedure, these good pragzerre associated with better options of
corrosion prevention. The successive depositioooating layers can neutralize failures, such as
crevices, pores or columnar structure occurrintha event of the single layer put down in the

deposition process. In this way, the corrosion tgjgath is longer or blocked.

Concurrent to these studies, it was found thatimgatdeposited by PVD and CVD methods
display high corrosion resistance. The best resultse obtained for the coatings deposited
through the PVD proce$%. The obtained results are the basis for the opéitiin of resistance
of the PVD and CVD coatings deposited onto the tsates The influence of PVD-IAD methods

has been studied in this thesis to understandatunbss of the surfafé®l.

Pilkington Activ™ glass is presently widely knowmlie produced by the CVD method, or by the
PVD, and demineralization tests conducted on aad#dkington Activ™™ using Reactive Black 5
and Acid Blue 9 in air-solid system exhibit averagglomerate with a particle-size of 95 nm in
diameter. Characterization results show faster Idgzation of Acid Blue 9 under solar
irradiation as compared with laboratory photoreaetxperiments conducted for 8 hours of UV
exposure, but in both cases there was still ncediffce in the number of incident photons
reaching the surface. Chin and O, concluded that the demineralization curve exaibthe
pseudo-first order initial rate constant. Anatasswhe only phase revealed. The colored dye
formed a colored intermediate and experiments usdalight exposure on the ActiVe glass
decolorized AB9 faster than the laboratory photai@aexperiments after 480 min of UV, and
then finally turned to a colorless product. It igobthesized that the additional UV-B photons in
this light spectrum and the higher outdoor watepovadensity account for the differences

between the sunlight versus the black light-bluéviyg.

It can be understood from the previously mentiofiegtature that TiQ thin films can be
deposited with a variety of wet chemical and vagheposition based techniques, the most popular
being sol-gel, chemical vapor deposition (CVD), aadphysical vapor deposition (PVD)
procedure, magnetron sputtering. Other than thegipn technique used, it is necessary to
control the deposition parameters in order to pcedhin films that realize the basic high surface
area and good crystallinity requirements. Therenaa@y techniques in which heating during or

after deposition is the only way to gain crystadlihin films!3% 54 55 124 123]

The problem of the constantly increasing air palutaffecting urban areas has recently driven
researchers to take advantage of photocatalyticactaistics to reduce the toxic substances
contaminating the atmosphere. Italcementi was itgeifidustrial group to patent photocatalytic

cementations materials (Figure 9).
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Figure 9. The photocatalytic effect in urban areas [126] (1) CO, VOC (Benzene, Toluene, etc.),
Methyl Mercaptan (gas), Organic chlorinated compounds, Polycondensed aromatic compounds,
Acetaldehyde, Formaldehyde. (2) NOy, SOy, NH3 (gas).

2.1.4 Visible Light and Ti@Doping

Previous research involving the photocatalytic rarpression has observed that the

1271 To an extent, exposure to UV light

photocatalytic activity is enhanced by additionsd¥er
after calcination of Ag-Ti@treated films can improve photocatalytic activitinis is due to the

structure modification of doped titania. The dediinvestigation on the XRD patterns of the
silver-doped TiQ powders demonstrated that the doping of metal watis less oxidative states

than IV produced the deficiency of O vacancies i@, TResearch on the oxidation of methylene
blue shows that aqueous solutions can photosendhie process with the help of dissolved
oxygen, while experiments conducted prove thatethera correlation between titania films of
different thickness and the rate of reduction ofrdnfilm, which is simpler to use and acts faster

than dye solution§® %!

TiO, thin films with the ability to work under visibleght (A > 450 nm) can be deposited with the
help of IAD and metal ion-implantation. Moleculalculation of such prepared thin films show
that for making TiQ films capable of absorbing visible light it is ledicial to modify TiG to be
able to absorb this light. Thin films prepared witis method can cause effective degradation of

water and air diluted toxic compounds under visliglet 2.

XRD measurements of TgAg composite thin films reveal that pore-less flshow the anatase
phase Ti@ and porous films show a mixture of anatase anderdtO, phase§® 013U
Photocatalytic activity in such thin films can bmproved by making porous structure or by

introducing active elemental Ag. In the experimasarducted in this area, medium sized PS200-



26

Ag composite films were observed to have the blestqratalytic activity. This was concluded on
the basis of the fact that methylene blue was deralized completely after the films were
exposed to UV for 7 houf§?. Self-degradation of methylene blue under UV ahgsjtal
adsorption pure Ti@ PS-TiQ, PSTiGQ-1% Ag, and PS-Ti@5% Ag thin films exhibited 43%,
68%, 72%, and 69% degradation, respecti&y This co-doping might increase photocatalytic
activity on degradation of methylene blue undeibleslight irradiation. The experiments show

that interfacial charge transfer on films is thémfactor in photocatalytic reacticti*.

In regards to Ag, also used for IAD doping of Fitin films in this research, their electrons
become excited and transform to adsorbed oxygedmtivé formation of @when irradiated with
the light of their Plasmon resonance wavelengtle A nanoparticles are subsequently oxidized

st B3¢ These Agions are reduced in the presence of ;Ti® the

by O to colorless Agion
excited electrons, and Ag nanoparticles are refdrmé&erefore, recombination of the electron
and hole prior to the superoxide activation stepaidimiting factor of the photocatalytic
reaction®”!. Silver has been shown to have a beneficial infleeon the photoactivity of

¥ |t has been reported that the combination of

nanocrystalline semiconductor photocatal{/sts
semiconductor substrate and metal cluster givedrugat photocatalytic activity through trapping

the photoinduced charge carriers and thereby inpgcthe charge transfer proces8&sM?

Doping with Ag is especially advantageous for indakuse. A comparison of undoped and Ag-
doped TiQ thin films with separate doping concentrations difterent annealing temperatures
shows that the films heated at 100 °C held kinetdgsial to that of low methylene blue
degradation. In contrast to this, the Ag-doped dampnnealed at 500 °C showed enhanced
photocatalytic activity, which can be attributedaa@harge separation mechanism which hinders
the recombination of photogenerated pairs, and tds@dg, which helps increase the TiO
dispersiort**®* 4 There are papers on the suppression of photgtiataictivity beyond the
optimum loading level as a result of separated ghasf the oxides of the dopafifs!, the
reduction of the active sites on photocataly&t the increase of electron-hole pair recombination
at the doping sités*”! and at the oxygen vacancl& ***! Each TiQ type had its own optimum
loading level, which was dependent on the agglotimerdehavior, dispersion and coverage of
the Ag on each Ti©type. This behavior affected the photogenerateargeh separation, the
number of reaction sites and the photon flux. Srpaltticles tend to have high, while large

particles tend to have low Ag contents as optimoadling levels.

The idea from this literature research is to cosigkly prove this result for IAD samples and to
try to gain a first impression of the capacity athancing the photocatalytic performance in

visible light using this doped titania.
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2.1.5 Methylene Blue as a Photodegradation Model

It is unfortunate that there is no standard prooedwr reference sample for measuring the
photocatalytic activity of Ti@thin films, meaning that it is difficult to comparesults between
laboratories or different measurement setups. B9 18ills and Wang concluded that in photo-
degradation processes, photobleaching of MB, teitidy TiQ, in aqueous solution is considered
to be ambiguous and is not favored by scienfiStdHowever, these conclusions were challenged
and disproved later. For instance, in the lastyeers, certain authors proved that 78nd other
surfaces react with MB to calculate the photoc#itaBctivity what needs to be taken care of are
the standard parameters and avoidance of matevitddow absorbing capability** ***! Using

the experimental set-up of an initial MB concentratof 10 umol/l, irradiation intensities below

5 W/n? have been calculated for substrates comprisingntqoa efficiencies greater than

{ =0.09% for colloidal Ti@ prepared via controlled hydrolyst&". To calculate the photonic
efficiency of transparent thin films, successfiuéatpts have been made for developing automated
experimental systems by in-situ measurement of weraiization of methylene blfg% 53 yet,
methylene blue is an effective photosensitizer,ttesy possess triplet states of appropriate
energies for sensitization of oxygen. Triplet enelJ is equal to 32 (kcal md) **¥. Methylene
blue is a phenothiazinium dye with a strong abswrbain the range of 550 - 700 nm, and

a significant quantum yieldpA = 0.52)1*%°.

Using the same principle as described, and witmiifyang the measurement data as a goal,
a software algorithm was developed based on LabVi@éleloped by National Instruments)
with the intention of speeding up the evaluatioritedf photocatalytic process information. This
created measurement system is appropriate as lbeimgliant with the German Institute for
Standardization (DIN) 52980 standaahd by using the demineralization method as ashési

calculates the photonic efficiencies of the coa@uiples.

As has been previously mentioned in this chapteth wnethylene blue degradation, as an
example, photogenerated hol€sat first induce the formation of the dye radicatiocn MB™
which, is converted to MBOOby O,. The photobleaching of MB, provoked by Tj@nh aqueous
solution is shown by Mill€* to be a rather ambiguous system. As expected[iesensitized
photobleaching of MB is not reversible in an oxy@gaturated aqueous solution as the MB
reaction was a result of an oxidative process. Hewdeucomethylene blue (LMB) is initially
generated in an acidified solution, using the pbietaching process in an oxygen-saturated
solution. This situation is due to LMB reacting yestowly with oxygen to form MB when under
acidic conditions. Although continued irradiatioveatually leads to the complete mineralization
of the dye, the initial observed photobleachinghaf dye is not by necessity a result of the dye

oxidation, especially if the reaction is done unclamditions favorable to LMB formation.
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Subsequently, the favorable conditions are genedidicussed and brought into accordance with
the standardization of photocatalytic effect ugimgthylene blue. This will be generally used for
PVD-IAD samples. The overall degradation of methgldblue (GsH1gN3:SCI) with oxygen is

summarized in the following equation:

TiO,+hv=3.2eV
C16H18 N3 SC] + 25502 _— HC] + HzSO4 + 3HN03 + Equation 4

16C0, + 6H,0

Figure 10 describes the formation of the reduced aolorless form of methylene blue,
leucomethylene blue, which represents a good itatidar the start of the photocatalytic reaction.
Since the discoloration can be easily observed B¥yWi$ spectroscopy or photometry, it was
used in this study to evaluate the photocatalytitvidy of TiO, films prepared with different

synthesis parameters.

N . N
o)
(CHy)N S N(CH,), * (CHyN S N(CH,),
Methylene blue Leucomethylene blue
(Blue color) (Colorleps

Figure 10. Photobleaching of methylene blue.

A methylene blue solution manufactured by Carl R@GtimbH was used at a concentration of

10 pmol/l. Methylene blue solution possesses béezand chinoide ring systems.

Methylene blue was chosen as the best way to ddmateighe photocatalytic activity and
calculate the photonic efficiency. The objectivetted methylene blue study was to correlate the
use of different ion deposition process parameitersrder to produce TiOfilms of different
packing densities to the resulting photocatalytiopprties, thus obtaining materials for self-

cleaning optical components.

2.1.6 Anti-Bacterial and Self-Cleaning Effect

Nanocomposite materials can be very advantageoumsdking thin films anti-microbial. This can
be especially helpful on surfaces that cannot beriliged by using high temperature.
Nanoparticles are environmentally friendly and hygbconomical in industrial processes, and
they produce highly stable thin films. Hygienic pesties make thin films produced with

nanoparticles an ideal choice for being used oricabdquipment®®,
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In experiments done on antibacterial membranegwatite, Ag, AgBr and Tigshow that their
employment for this purpose gives very suitablailtes which are attributed to the synergetic
action of these four components and the uniqueusostructure and high surface area of nano-
fibrous membrane. Each component in this antibedterembrane provides a different function:
the hydroxyapatite captures bacteria by actindpastisorption material; the Ag nanoparticles act
as the release-active antibacterial agent; the AgBioparticles act as the visible sensitive and
release-active antibacterial agent; and the, B€ds as the UV sensitive antibacterial materidl an

substraté': 1571

Especially, when experimented with E. coli, it waiscovered that addition of electro-spun
membrane can substantially improve anti-bacteffalceon Escherichia colias compared to the
use of these very components in powder form. Peenm@n of anti-bacterial activity of these

membranes is another noticeable fealiife

It is also possible to give self-cleaning ability the thin films, which further enhances their
practical anti-bacterial use. For example, polyvidifluoride (PVDF) membranes containing
TiO, have a better antifouling and self-cleaning abildés compared with simple PVDF
membrane&’. Also, photoacoustic technique analysis showsgbbgel TiG films have a good

ability to eliminate micro-organisms which contaati river watef'°.

To understand the antimicrobial effect, some retehas been done on stainless steel substrates
AISI 304. The results show that with a growth m@t®& nm/h, columnar-grained Ti@hin films of
anatase phase structure can be produced by magrsitdtering. For the anatase phase, if
oxygen supply is increased with the pressure ofRa5and the deposition time is extended to
30 minutes or more, the resulting thin films cawvehghe maximum photocatalytic activity and
antimicrobial activity. Hence, it is the anataseagdwhich determines the level of photocatalytic
activity and consequently the antimicrobial acyivithe tests from which these conclusions were

drawn were carried out @taphylococcus aure@mdEscherichia colf**.

Another possibility is to produce thin films witmtamicrobial and photocatalytic properties that
can work under the UV light of domestic fluorescights. Successful experiments have been
conducted for this on indoor paints, using nano £o@tings, in which these coatings proved to

be more photocatalytic and antimicrobial than nit, .

Due to their possible antimicrobial applicationofiicatalytic titanium dioxide films have been
researched over many ye#fé * A methylene blue solution has been used to test t
photocatalytic activity of the deposited titanib, and antimicrobial effect analyzed by way of

the ‘sarcinia lutea standard. A gram-positive bacterial strain, sasl$arcina luta, was used for
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this test for coated and uncoated samples. The welle cultivated under optimal conditions. The
cell number was established by cultivation (RodaewAplates) and measuring colony-forming

units and the samples were also examined in aataikonment as a referené¢g" 1#4

2.2 Production Processes of TiOrhin Films

In the production of Ti@thin films, there are different deposition pro@ssghat can be selected
from (Figure 11). The two main categories are ‘Bfarmation’ and ‘Separate’. Under
‘Transformation’ there are two possible ways torgaout deposition, i.e. through thermal
oxidation or doping implantation diffusion. The pesses falling under the head of ‘Separate’ can
be further sub-divided in three categories, thdCbiemical Vapor Deposition’ (CVD), ‘Physical
Vapor Deposition’ (PVD), and ‘others’ such as spmand sol-gel methods. CVD is done using
the conventional method, Plasma Enhanced ChemigabivVDeposition (PECVD), Metal-organic
Chemical Vapor Deposition (MOCVD) and Plasma ImpuBhemical Vapor Deposition. PVD is
carried out in three different walf§" ** Firstly by evaporation of coating materials caused
high temperatures using conventional and ion-assist secondly by sputtering, which involves
the process of ion-beam sputtering (IBS) and dicectent (DC), alternating current (AC) and
magnetron, and lastly with pulsed laser. This ghlsser method is not discussed in this chapter
as has two disadvantages; being technically andogcizally unfeasible. An example of this
unfeasibility is its debris generation, its rapiecbihe of the coating flux with distance from the

source and the difficulty in attaining films onderarea substrat&8.

Production of thin layers

Physical Vapor Chemical Vapor Other
Deposition D iti
p 'ﬁ: eposi m(?VD I
 r—r— Sol-Gel Spin-on
Evaporation Sputter
|
Conventional IAD e-beam + Assist lon Beam 1 MDC' AtC,
N ;L' agnetron
e-beam conv. | IAD SputterI—IBs—]
APSpro Denton
LIAD 1
CC-104 CC-105

Figure 11. Different deposition processes (184 There are different mechanisms to prepare thin
films, but in the frame of this work conventional and IAD techniques are investigated. The brown-
shaded cells show the processes used in this research.
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2.2.1 Conventional Physical Vapor Deposition withtdé\D

The conventional physical vapor deposition, inahgdielectron beam evaporation has several
advantages. The main advantage of PVD is the snumatting that is provides of the thin layers
while also achieving good adhesion to the substfatether advantage provided is the ability to
control the process conditions to generate cryséathin films without external substrate heating,
while substrate self-heating can occur during thating proces8 ***! However, there are still
some disadvantages with this process. These indudemplex technical vacuum procedure,
a slow deposition rate, essential and difficult @@aning, and not suitable for rebuilds. It alss h
the disadvantage of being expensive. The first ggecinvestigated in this thesis is the
‘conventional method’, which is an e-beam PVD pescwithout the implementation of an ion-

source (Figure 12).

memeeess - SUbstrate
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water—-cooled hearth
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Figure 12. Electron beam in a PVD process [166]

2.2.2 Sputter Physical Vapor Deposition

PVD falls under the category of ‘Separate’ processeincludes various vacuum deposition
methods. PVD involves high temperatures and plasmater bombardmeHf” '8 The term

PVD was used for the first time in 1966 by Pow€lkley and Blocher Jr. (1966) in their book
“‘Vapor Deposition™®®. Various types of PVD are sputter deposition, @dilfaser deposition,

cathodic arc deposition and electron-beam physieplor deposition. Significant features of
electron-beam PVD include relatively high depositicates, columnar and polycrystalline
microstructure which can be improved by manipufatithe process parameters, low
contamination, superior thermal efficiency and @ecsating*’”. Literature relating to these three

types has been discussed in the following paragtaph

Magnetron reactive sputtering, which is anotheetgp ‘sputter deposition’ (Figure 13), is used
for depositing thin films on laboratory equipmeihis is one of the most popular processes of

depositing thin films and ensures a high degrepre€ision. It has been successfully tested for
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deposition on microscope glass slides with the béimagnetron reactive sputtering mett6d

Thin film doping with Sn after IAD deposition recegthe band gap, and therefore results in a
stronger absorption capacity and photocatalytidviggtthan conventional Ti@ deposited thin
films. This signifies the usefulness of ion implertaion on TiQ thin films ™. In the deposition
processes, if an RF bias voltage is applied tdoatsate it can enhance the ion bombard effect and

the mobility of as-deposited atom by dc reactiveynedron sputtering’?.

In recent years, pulse magnetron sputtering (Fid@)ehas been used for fabrication of multi-
functional high reflective and anti-reflective lag€™. For high reflective stacks, a deposition
temperature of 150 °C can be used, which is seitét polymer materials. Anti-reflective

methods are appropriate for glass substrates. Brpos UV-A light leads to a super-hydrophilic
behavior and easy-to-clean quality of the thin $ilHi".

L

target —|—

HF-
generator

Figure 13. Sputter deposition principles. Plasma loads positively on ‘plasma potential’, target
electrode (to block capacitor) charges up negatively to ion and electron current in balance. Right:
IBS illustration ™7,

The research done on the deposition processes roagdgd evidence of the influence of
sputtering pressure on photocatalytic activity, dayap and adhesion strength. The samples
prepared using this sputtering method consiste@fhatase phase and the particle size reduces to
nanometer scale. Better photocatalytic activity amtenger adhesion has been found in the
experiments carried out at 2 Pa pressure in cosgato ambient pressure. At this pressure the
TiO; thin films exhibit a decrease in photocatalytithaty and blue shift of absorption edges in
the UV region, suggested by some authors to belppshie to the quantum size effédf!. One
example of a PVD process is to use reactive ragiguency magnetron sputtering. Yamagishia
et al.'"® showed that this deposition process, with a ftassure up to 3 Pa, can be successfully
applied to create an anatase polycrystalline siractAlso, the photocatalytic activity in such
cases acts proportionately to total pressure dutepmpsition. Dependence has correlation with

transport processes of high-energy particles betwletarget and the substrate. Bombardment of
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high-energy particles on the growing film surfaes cause poor photocatalytic activity of films

deposited at a lower pressure of 1'F4

The goal of this PVD comparison is to give a comeiference and description of the processes,
methods, and equipment essential for the depositfotechnologically and multi-functionally
titania films. There are two expanded applicatiotige first of which being a more basic
understanding of discharge magnetron sputter naédeThe second is the ability to compare it
with the PVD- IAD of devices that contain these enils. The differences between the processes
benefit the understanding of both physical and ebanreactions; these overlapping processes
are sputtering and IAD. The principal parameters #nat the layer growth could be
fundamentally influenced by the choice of the démsrate, substrate temperature, and plasma
parameters. The impingement of the dense layeedoaith extra ion energy conducts to adjust
the layer structure in a reproducible broad rafidgee crystal modification of TiQusing an IAD
process, in contrast to magnetron sputter, hagla degree of anatase content and thus enable

a high photocatalytic activity.

By using pulse magnetron sputtering (PMS) depasitadso involving activated plasma, it is
possible to deposit crystalline layers with anamseutile phasé€?®. In comparison with layers
containing only rutile phase, better photoinducages-hydrophilicity is found in Ti@layers
which have significant amounts of anatase phaseveMer, there is evidence that PMS or the
plasma-activated deposition method does not mal@hrdifiference to the properties of deposited
layers. PMS is also useful for uniformity in laytbickness, without affecting the photocatalytic
activity. The PMS method can be used for deposithon polycarbonate and polyethylene
terephthalate surfaces as it also works with lobstiate temperature, thus adding to the utility of
thin films for a large number of produdt§’. In the recent past, experiments have been coediuct
for depositing transparent Ti@ayers with the help of pulsed laser depositiongis metallic Ti
target and ambient Ogas at 400°C '8 The results of these experiments have shown that
pressure of @as an oxidizing agent affects optical and photdgat properties of thin films;
with 15 Pa pressure of,Qt is possible to have TiGilm with good optical transmittance of 200

to 800 nm wavelength.

The as-deposited film structure of Bi@ms prepared using another form of sputterirayio-
frequency magnetron sputtering, shows crystallimease-type Ti® In such cases the O-H bond
of the surface increases proportionally with the idm-beam irradiation time. Due to oxygen
vacancies, the photo-induced hydrophilicity of Anibeam treated TiOfilms is enhanced.
Studies conducted in this area show that Ar iombemadiation improves photo-induced
hydrophilicity under weak UV-illumination (e.g. indrs)*™. The refractive index improves if

TiO, is deposited with ion assistance, thereby emptpyixygen ions in energy range of 100-
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500 eV and current densities of 100 pAZm®ther enhanced characteristics include the réfeac
index and the extinction coefficient. The opticahld gap is also strictly dependent on the energy
of the used ions. The refractive index of thin 8lslightly increases when thin films are annealed
after deposition at 50, without having any impact on extinction coeffici. Such films also
exhibit a monophasic anatase structifé This optical and microstructural limitation is
considered to be a disadvantage of magnetron sipgttso a comparison with IAD is significant

throughout this thesis.

Conforming to these studies, there is an obvioyzrawement in the optical and photocatalytic
properties of thins films generated with ion-soumslich has been studied in this thesis. Hence,
there is a potential for further enhancement anded for the determination of the impact of an
ion-source on a surface morphology and microstractwith the aim of clarifying this impact,
the ejection of surface atoms from an electrodéasarby momentum transfer from bombarding
ions to surface atoms was studied. Sputteringeiariyl an etching procedure and is therefore used
for surface cleaning and pattern delineation. Thithod is also used for film deposition that is

akin to evaporative deposition due to its productba vapor of electrode material.

The increase of the refractive indexwith rising oxygen current density demonstrates thn-
bombardment during deposition changes the growfiiefcolumnar microstructure, which then
results in film densification; however, the porgsf the microstructure of the film greatly limits

the environmental stability of optical coatings.

Due to the impact on the electrical and thermo-raeital properties of the film, it is clearly vital
to largely understand its microstructure. To repied the microstructure of the layer, it is
important to first take into account the mechanisassing this development. Once the film has
gained enough surface mobility and is allowed toticoe to grow, the constituent of the film
endeavor to reduce their free energy. One way toewe this reduction is a decline in the
curvature of the titania surface. The instabiligtetmined by geometry is one way in which the
mechanism can influence the film microstructureisTéffect is described in detail in subsequent

chapters.

2.2.3 Physical Vapor Deposition with IAD

In general, there are two measures that are thecooanon for the application of the ion-source
to the coating of the thin film. One of these measuIBS, is directing ions at a sputtered target
from the source, and the sputtered material isecbat a thin film. The second measure, 1AD,

directs ions from the source at the coated sulestrat



2.BAsIcs 35

The word ‘assisted’ in lon Assisted Deposition refe the coating plant and not to the reactive
gas, hence the reason that IBS does not use thi ewen though it operates with Argon as a
reactive gas. Providing the thin film adatoms oe flubstrate with increased energy, and thus
mobility, before nucleation is the aim of both bkse procedures, which will then cause the
above mentioned modifications in film’'s properttesfollow. The concurrent use of two or more

ion-sources can provide both IBS and IAD.

As compared with the above mentioned PVD and cdiomal deposition methods, the use of ion
assisted electron-beam evaporation has proven veryenhelpful in deposition of Tigxhin films

of functional properties, most importantly, the iogk coating quality'®™. It is the uniformity,
density and texture of the thin films that detereniheir optical performand&**. A good starting
approximation of the refractive index profile isladable with deposition rates recorded with
a quartz crystal monitor during deposition for layeBasically, the refractive index profile is the
distribution of refractive indices of materials it an optical fiber. In research conducted in
2006, an in-situ broadband monitor system was dgeel and integrated into a Leybold SYRUS
machine (Figure 14), which could monitor differéayer systems, namely classical multilayer
designs (e.g. filter), composite layers (e.g. mixtlayers for rugate-filters) and metal island
layers*®,
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Figure 14. Assembly of the APS. Left: IAD chamber with different systems: (1) APS, (2) electron
beam evaporator, (3) Langmuir probe (LP), (4) retarding field energy analyzer (REFA). LP and REFA
are placed to cover wide ranges in the horizontal and vertical directions. (5) Substrate holder, (6)
horizontal manipulator, (7) vertical manipulator. Right: The cylindrical dc-glow discharge with an
auxiliary axial magnetic field. A solenoid is coiled up around the anode. Gas flow rates at different
locations (I'y, I, and I3). Ip: discharge current and Vp: discharge voltage [183]
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The definition of Snell's law is the relationshiptiveen the angles of incidence and refraction,
when referring to light or other waves transitingough a boundary between two different
isotropic media, for example, water and glass. &difsn of light at the interface between two
media of different refractive indices, with > n; is shown in Figure 15, left. As the velocity is
lower in the second mediuna(< v4), the angle of refractioé, is less than the angle of incidence

60,; this is to say that the ray in the higher-indeedimm is closer to the normal.

sinf; _ v1_mp Equation 5

sinf, v, ny

with eachd as the angle measured from the normal of the tanynd as the velocity of light in

the respective medium andas the refractive index of the respective medium.
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Figure 15. Basic Law of refraction and dispersion curve of titania. Left: Snell’s law of refraction [184]

Right: Example of a dispersion curve of TiO, Rutile *®*),

Figure 15 (right) shows the frequency dependenchenvavenumber for dispersive waves. This
is usually created by first using a dispersiontretato obtain frequency/wavenumbers pairs and
then plotting them. Particularly convenient for tadvancement of the refractive index in the
wavelength range from the UV through the visiblethe IR area (to 2.3m) is the classical
dispersion theory derived Sellmeier Equation (Egua6), which permits the description of this
refractive index advancement over the total trassion region with one set of data and also

allows for the calculation of precise intermediaddues.

The Sellmeier formula is an empirical relationstiptween the refractive index and the
wavelength for a transparent instrument, and isl useestablish the dispersion of light in this

medium. This is defined by the following equation:
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2 _ Bl .AZ BZ .AZ )
D =1+5 ot e Equation 6

wheren is the refractive indeX, is the wavelength, an andC are experimentally determined

Sellmeier coefficients

The degree of the opacity of a substance layeigh tays is termed Optical DensH§?. Layer
absorbance is the substance layer’s capabilityp$ord radiation that is mathematically expressed
as the negative common logarithm of transmittal¢avelength and temperature can be used to
alter the refractive indices of the glasses, with temperature coefficient of refractive index

being the term for the relationship of the refreetindex variation to temperature chafige®.
(a) Influence of IAD on the Structure and Optical Quality

Yang (2007) concluded that an increased depostgomperature enhances the structure and
optical properties of thin films. To be preciseth& deposition process is carried out at 300 °C
followed by annealing at 450 °C, the films showefactive index of 2.29 at 550 nm wavelength.
In some research, higher transparency was obtahaddeposition temperature of 300 °C, with
an allowed band gap of 3.81-3.92 &Y, Research conducted using cathode vacuum arc ion
plating with ion-beam assistance shows that,Tilths deposited using this method displayed a
phase transition from amorphous to anatase poladliye structure with a (101) preferential
orientation at the annealing temperature of 500fGC1 hour under a normal environment.
Experiments have shown a shift in absorption eddébin films from 325 nm to 340 nm as the
ion-beam current was reduced to half, i.e. to 180 The introduction of ion-beam also improves
the photocatalytic activity of films significantlgspecially under irradiation with visible light”.

It has been found from other analytical resultslAdD prepared thin films that a decrease in
working pressure and substrate temperature reisulia increase in the refractive index of the
films. An increase in the annealing temperatureg@rtionally increases the surface roughness,

and a decrease in annealing temperature helpsresaise the refractive ind&&°%
(b) Ability of IAD to be combined with Argon

Another way of depositing TiOthin films is through A+IAD method. With the help of this

method, thin films of uniform cross-sectional stiwes can be deposited if the ion-current
densities are maintained between 0 and 5 pA.cagardless of the surface type. If the process is
carried out at higher temperatures, it causes meggon the surface. Without the use of ion

bombardment, the films obtained exhibit an amorghsitucturd™*.,



38

(c) Ability of IAD to Use Carbon and Noble Elementdor Doping

Carbon can also be used for doping of JTiChe results of experiments done with CO and @O
ion assisted electron-beam evaporation show tlhbnsenhances the photocatalytic properties of
thin films. Using this method, the films are alsmaaled at 500 °C for 8 hours to increase titania
crystallinity. Thus, in terms of photocatalytic &y, super-hydrophilicity, degradation of
methylene blue and reduction of silver ions, atshifthe absorption in the spectrum of visible
range was obtained with annealed carbon doped difatase film that was doped with carbon

content of 1.25 wt9g°%2,

Noble metals such as gold, silver, platinum andiurm have also been tested for doping with
TiO, with an improvement in the charge separation imseof photocatalytic efficiency in both
UV and visible light. Better photocatalytic degrtida, both under UV and visible light, and in
comparison with simple Tithin films an increase in efficiencies of MO phategradation from
2.43 to 4.1 times, can be achieved when PiTilghs were dipped in 0.01 and 0.001MCs
solution™?, Noble metals can be used, in nanoparticles, posigon of TiQ films with the help

of electron-beam irradiation. Their impact on thH®otocatalytic activity of thin films largely
depends on the solution us&d. Additionally, the introduction of nitrogen introduced new
occupiedorbitals in between the valence band, that are asegb primarily of O-2p orbitals, and

conduction band which are comprised primarily eBdliorbitals (Figure 16).
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Figure 16. Left: N-doping as explained by Asahi [195]. Doping with nitrogen results in a mid-band gap
energy level which reduces the energy gap required for charge separation. Right: Incorporation of
silver nanoparticles facilitates longer charge separation by trapping photogenerated
electrons %% 197],

(d) Ability of IAD to Coat Using Different Substrates

Experiments conducted using IAD on porous Tefloaess (PTS) show that TH#®PTS can be

a good choice for waterproof materials becausésofater repellent and self-cleaning properties.
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Water-repellent properties induced by PTS and #i&cteaning properties induced by TiO

photocatalyst were observed during these expersféft

Apart from plain glass or plastic, experiments hbgen conducted on Si (100) for deposition of
thin films. For Si (100), substrate deposition &ried out with Q cluster ion-beam assistance.
Substrate temperature of 200 °C produces amorpfilas, whereas temperature of 300 °C
produces films which contain both rutile and armatashe refractive index of films and
photocatalytic decomposition of methylene blue By-itiadiation increases with an increase in
substrate temperature. The contact angle of suéstra water decreases to 10 by UV-irradiation
for 30 min, however, in case of Tiulk in rutile structure it remains at the initiahlue of

75 degrees. At atomic level the surface of flmsass smooth. The experiments show higher

photocatalytic characteristics in anatd%&

As a summary, the lon-Beam Sputtering (IBS) processch is considered the most competitive
method to IAD, requires that an existing systenalbered to its specific use, or an altogether new
system may be needed, both of which constitute nmiafe of an investment in resources. The
IAD process is also advantageous because of itebility, easily creating large and small
surfaces, and especially beneficial owing to itditslio adjust deposition parameters in just the
one method, thus making the properties of the filtghly controllable. The IBS procedure does
not have the scale range of IAD as it has a lim#tepply in sizes of ion-sources. While there are

many technical benefits to IAD techniques, theeeadso economic advantages.

A good way of creating oxidizing species, whicltum cause higher surface energy, on polymer
is by chemical treatment using strong oxidizing rage A high hydrophilicity of the treated
substrates allows deposition of uniform layer centh The treatment does not cause any further
roughness on the polymer surface. The layers renrdform and adherent if dip coating method
is used. The Ti@nanoparticles on the films can be stabilized ebstatically, even in the absence
of a surfactant. The photocatalytic efficiency ayérs depends on thickness of layers because it
provides more active surface area. The coatingialpooves mechanical properties of thin films,

increases hardness of substrate by 2.5 times gmoves its scratch resistance by 6.4 tifff&s

Other authors found that TOwhen used on 300 nm pyrex glass tube, showed sijfracture
due to different thermal coefficients of over-layend the substrate during calcination. Other
factors are contraction and stress during dryinge Tilms also show highly porous surface
morphology of anatase particles. FiOmmobilized pyrex glass tube can be used as
a photocatalytic reactor which, from the point adw of practical use, can avoid filtration of
suspended TiQpowder®.
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Dissimilar to these past studies, the influencéoofsource current in IAD has not been well
analyzed in the literature and has been used m ttiésis to understand the ability to coat

substrates other than glass, with an enhanced Pdtagure.

2.2.4 Crystallinity of Thin Films by Different Co@g Methods

Before presenting the crystallinity of the titapi@pared using IAD, an overview of the influence
of the deposition methods on the microstructurensas magnetron sputtering and atomic layer

deposition, is presented here.
(a) TiO, Deposited by Magnetron Sputtering

There are many publications that describe magnetputtering; below are only two selective
examples of this technology so as to compare agtirsIAD procedure. In experiments done
using reactive pulse magnetron sputtering on fitets, no significant photocatalytic activity was
observed for 100 nm thick TiQayers at low total pressures. Possible reasanthi® could be

the smooth surface and nanocrystalline microstractas well as the crystallographic orientation,

which has the ability to affect adsorpti6#.

The deposition parameters of the DC sputteringgg®cietermine the structural characteristics of
films in the anatase and rutile phases. Films deggbst 16 mTorr contain more intrinsic and
structural defects which could be the main causehef higher photocatalytic activity in the
photodegradation of organic molecules. The band eyegrgy changes on different substrates,

such as glass and FTO, and could increase withcaedse in pressufé.

The application of direct current pulse magnetrpattering system at room temperature can be
helpful in deposition of highly photocatalyticalactive TiG thin films. Deposition parameters
have pivotal importance in this process as thegcafthe target yield and kinetic energy of Ti
particles. If the working pressure is increased,tadl.4 Pa, it transforms the structure from
amorphous to anatase phase and the resulting adndhin films can have excellent

photocatalytic efficienc{®".

Much research has established that the deposiiopédrature range of 500-600 °C leads to
growth with a particle size average of 50 nm, whileemperature range of 750 to 800 °C causes
the films to grow along (211) the crystallinity enitation. The films with a random anatase
structure exhibit higher photo-degradation efficierand lower band gap energy as compared
with (211) oriented growth structuf€". In order to optimize the processing parametestst
have been conducted to evaluate the effect of esjouft power on photocatalytic activity of
deposited Ti@thin films. The method is regarded as very effectiue to the as-deposited films

prepared with sputtering power of 200 W exhibitiagcrystalline structure of anatase phase.
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When the sputtering power is changed, it in turranges the crystallinity and surface
morphology; the films prepared with these paranseteshow the highest photocatalytic

[199

efficiency™®. Concurrent to these studies, the influence ofsiource current in IAD has been

analyzed in this thesis to understand the modi€inadf crystallinity and surface morphology.
(b) TiO, Deposited with IAD

In the IAD process, 300 °C is taken as the tramsitemperature for the transformation from
amorphous to anatase phase during annealing, &h8G@om amorphous and anatase to rutile
phase. This increase in the annealing temperatise Bcreases the refractive index,
transmittance percentage and the band gap enengyhighest transparency level can be secured
at an annealing temperature of 400 °C, and theesigtefractive index, that of 2.62, and the band
gap energy, 3.26 eV, can be achieved at 500 °C thghanatase phase. The thin films start
developing defects if they are annealed at 700°form rutile phas&°?. The aim of using IAD

is the possibility of obtaining titania films wittefractive index higher than 2.40 (550 nm) at a
deposition temperature lower than 350 °C. Thidalenged in Chapter 5 to 8.

(© TiO, Crystallinity on Different Substrates

The choice of the substrate materials is anottsereighat needs to be considered as it must be
well-suited to the deposition conditions in order dtay inert and undamaged during the
deposition process. It is also important for thésstate to be resistant to the crystallization

(1203 A notable example of this are

temperature of the thin film and not cause contation
polymer substrates such as Poly(methyl methac)yiBMMA) and Polycarbonates (PC), as they
have a relatively low temperature resistance (Blhicl50 °C) and are made inadequate due to
the out-gassing of, for example, water. Avoidingitamination of the Ti@thin film by inward
diffusion of N& or other ions, as mentioned in Chapter 6, from tubstrate is also

necessary " 24

It has been revealed by earlier studies that tisemestrong reliance of the photocatalytic actbgti
of annealed Ti@thin films on the substrate type us& The influence of a soda-lime glass
substrate on the photocatalytic activity of heaated TiQ films has also been explored by other

authorg®? 209

SiG; or TiO; buffer layers improve the bending resistance wf films, but SiQ has an improved
resistance due to its stronger adhesion abilitghBoO, and SiQ improve crystallinity of ITO

films and the surface properties of polyethylemepbthalate (PET§.
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2.2.5 Correlation: Deposition method, photoactivityicrostructure, antibacterial ability

Research done on the microstructure of polycrystatnd epitaxial Ti@thin films with anatase
and rutile structure reveals fine crystallinity aocdmpact structure of films prepared with r.f.
magnetron sputtering. Single- and polycrystalliiimd show 10% higher optical band gap as
compared to the bulk, thus is due to the straitatice deformation. For single-crystalline and
polycrystalline anatase and rutile TEi@nin films bactericidal abilities can be evaluatey
exterminatingescherichia coli using film stick method under UV. The two kindsfiims show

similar bactericidal efficiencies.

To provide a correlational study, one of the simpiethods for quantitative measurement of
photocatalytic activity is the utilization of evajpted layers of stearic acid. Thin films of stearic
acid have good homogeneity and can be decomposesl ghotocatalytic surface under UV-
illumination. Experiments show that an activity afmuch higher factor than commercial glass
can be obtained with modified PVD technique, i.éactor 100 higher than a commercial glass.
The highest stearic acid deposition rate provedexigeriments is 3 nm/min at 0.66 mW/cm
(366 nm)?°”.. As per the experiments conducted by L. Wdff§a films with high refractive
index (~2:60 at 1.4 um) and low extinction coefficient che deposited at low substrate
temperature i.e. 150 °C, and with some assistarse films were observed to be homogeneous
and insensitive to moisture and, depending on ewaipo conditions, different growth
morphologies and phase transformation were alsadfoGrystallinity, and with that the refractive
index, can also be improved with substrate temperadf 250 °C. With reference to optical

properties, fused silica substrates show discongagisult$*®.

2.3 Summary

To give a quick general overview of the literatvegiewed in this Chapter (2. Basic), it can be

summarized as follows.

v' The literature reviewed above shows that the foneli properties of thin films, such as
photocatalysis, super-hydrophilicity and transpayemake this subject essentially wide-
ranging. Due to suitability of Ti©thin films for different purposes, they have diffit

applications in different fields.

v" In environmental sciences, Ti@an be used with clean, attractive, low-tempeeaturd
non-energy intensive methods for removing polligdndm water, and even wastewater.
TiO, under solar energy is more effective at disinfectvater than solar energy alone. It

can also be applied to pavements for reducing alugon. TiO,)’s hygienic
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characteristics make it a very good choice for déjmg thin films on medical equipment.
In the optical industry, TiQis extensively utilized for deposition becauser@factive
index has a direct correlation with the presenc@iah thin films. At present, Pilkington
Activi™ is the most widely produced commercial pluat@alytic glass. Demineralization
tests conducted on Pilkington Activi™ show that @shan anatase phase and can
demineralize dyes such as methylene blue, whichldtay been used in research as
agood degradation model for determination of phiotcefficiency!”® % The basic
factors which determine photonic efficiency inclughotodecomposition parameters,
such as light illumination, reactor set-up, reactiime and type, amount of catalyst

utilized and concentration of substrates.

v' This chapter focuses on presenting the titaniaostoncture as it is also helpful for the
enhancing the transfer of photo-generated electimns the anatase phase to the rutile
phase for the IAD procedure. A second focus is @m the increase of photoactivity and
hydrophilicity can be determined by specific graine annealed morphology, sufficient
surface hydroxyl content and the degree of surfemeghness. The optimum of
microstructure using PVD-IAD is resulting by higlepbsition rates, which produce
columnar and polycrystalline titania. This can bglioved by manipulating the process
parameters, low contamination, superior thermactieficy, and dense coating. Intended
for high crystallinity it is remarkable to increaie grain size. This is opposing to the
desire to increase the surface area, so that tiypecgrain size range of about 10-20 nm

is considered an optimum compromise between theséssues.

v Corresponding to the literature studies, the baschanisms contributing to the change
of the microstructure and surface properties, tiegpufrom the transfer of ion energy, has
been taken in consideration. The preparation ofsparent photocatalytic active PVD-
IAD layers, the mechanism selection of dense mddsctor optic characterization, has
been focused on. This contribution has been andlyzehis thesis to understand the
momentum transfer, if its leads to an increasehenrhobility of the adatoms, enabling

them on the basis of the energy corresponding.

v" To apply all of the results gathered within thertiture, the PVD method with ion-beam
sputtering or ion assisted deposition were operatetivo parallel classifications. IAD is
a commonly employed method for the deposition a@f fiims with a high degree of
precision. It is utilized for fabrication of multinctional high reflective and anti-
reflective layer stacks. On being exposed to UVightl thin films show super-

hydrophilic behavior. Additionally, the films shalve anatase phase and the particle size
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reduces to a few nanometers and correlate with etiwr. The refractive index of thin
films slightly increases when thin films are aneeakbfter deposition at 500C. For
improving the control of the deposition process2006 an in-situ broadband monitor
system (BBM) was developed and integrated intd_thdold Optic SYRUS machine. At
low total pressures, thin TiQayers do not show significant photocatalytic vtti Band
gap energy varies on different substrates, sudlaass and can increase with an increase
in pressure. In case of single-crystalline, polgtalline anatase and rutile Ti@in films,
bactericidal abilities can be evaluated by exteating Escherichia coliusing film stick
method under UV-illumination. PVD gives optical gjties to thin films such as good
starting approximation of the refractive index fdefvhich is calculable with deposition
rates. By decreasing the working pressure andasarg the deposition rate and substrate
temperature, the refractive index of films can bereased. Higher transparency in thin
films can be obtained if the deposition temperatsiiacreased from 50 to 300 °C. If the
thin films are annealed at 700 °C for the rutilegd they start developing defects and
deformities. Films produced with IAD are homogergeand also insensitive to moisture,
depending on evaporation conditions. Also, suctmdil exhibit different growth

morphologies and phase transformations.

This chapter discusses relevant information reggrdiO, thin film deposition for photocatalytic
applications, and also uses a comparative studlyeoPVD deposition methods to summarize the
current knowledge of photocatalytic performances nfost studies on transparent PVD thin films
do not thoroughly discuss the effect that micragtite has on photocatalytic activity,
a comparative microstructure analysis using varidegosition methods was conducted. During
this review it was seen that previous researchimfteld has found that the microstructure of the
thin films can enlarge the surface area and thahtaiaing a small grain size is important in
determining the inward diffusion of the organic st@émce and outward diffusion of reaction

products.

Unfortunately, a difficulty arose in the comparisoh the published values using different
measurement setups as there is established ncasfaptbcedure or reference sample for the
evaluation of TiQ thin films’ photocatalytic activity. It is the maiauthor’s impression that this
issue is an important one for the future. For thsgearch, an automated measurement system was
developed for PVD photocatalytic activity. In adait, the aforementioned optical properties are
used as a reference to qualify the IAD optic saspleduced by Denton CC-105. Addressing the

gaps of understanding identified in the literatisrene of the objectives of this thesis.
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3. Experimental Set-Up

The following chapter contains a description of tisehniques and equipment used in the research
of deposition of thin films. The deposited films neecharacterized for their photoactivity,
hydrophilicity, optical quality coating and micrastture, and before starting the deposition
process, specific coating materials and pretreatpetesses were first chosen. The process was
carried out with and without ion-source assistameg] also with varied gas flow, temperature,
thickness, and annealing methods. The optical tyuali the films, especially transmission,
reflection, scattering and band gap, was estaldisaed for the surface analysis, the following
commonly known techniques were employed: scanniectiren microscopy (SEM), atomic force
microscopy (AFM), tunnel electron microscopy (TEMX;ray diffraction (XRD), elemental
analysis (EDX), water droplet measurement and Raspantroscopy. Lastly, the deposited films
were tested for anti-bacterial properties with #mplication of negative bacterium, such as

Sarcinia lutea

3.1 Synthesis of Thin Film Layers

3.1.1 Materials and Methods

(@ Coating Materials

Different commercially available coating materialere tested for this research, including 7iO
Si0,, Ag, and Au. TiQ was obtained from Merck KGaA, Sifrom COTEC GmbH, and Ag, and
Au from Evonik Degussa GmbH. All the materials weised in the form in which they were

originally received.
(b) Selection of Substrates

Different types of glass substrates were used enréfsearch, such as Borosilicate glass, D263
(Menzel) glass, and Quartz glass SUPRASZL(Suprasil), which is a high purity syntheticédds
silica grade, manufactured by Heraeseg flame hydrolysis. Borosilicate glass, withrwéow

iron content, is utilized as the cover glass inroscopy for biological, medical and optical
research work, and has refractive indices of 1.46656.3 nm, 1.458 at 587.6 nm, 1.466 at
435.8 nm, and 1.508 at 248 nm, respectively. Bbcase glass is without absorption in the
visible range of the spectrum, but the excelleticgproperties make this glass an ideal material
for experiments in fluorescence microscopy. Highitguguartz glasses are utilized for UV and
deep UV applications with superior quality in thésige. Suprasil presents the highest purity and
has a high content of Olgroups of around 400 ppm. Isopropanol and aceimre applied to
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clean these glasses and plasma-jet etching teadmigare used to create suitable preconditions

for production of layers.

3.1.2 Pretreatment Procedures

Before the coating process, special focus was gieersuitable techniques which may be
employed for chemical processes or lacquer finislthe substrates. Pre-treatment process of
films is done by manual chemical pre-conditioniagfomated processing and plasma etching.
Manual processing involves use of acetone, isopr@par both. Automated cleaning involves
the treatment of substrate in 3 stages. In theabetxperiment, first the substrate was dipped in
ultrasonic distilled water, and then in Alkali mesalts, produced by Cleaning Technology SA,
Switzerland. Next, the substrate was dipped inlatiso of Deconex liquids, containing 150 ml
D12PA, 37.5 ml D12PA and 112.5 ml of HT19, produbgdBorer Chemie AG, and then finally,
in distilled water. Drying was carried out at 80, @d pre-conditioning was accomplished using
plasma-jet etching methods in the materials, wluiah improve the adhesive strength of the
layers. In this plasma-jet etching process, théasaris bombarded by the Denton CC-105 ion-
source and during the process, which lasted foroxppately 10 minutes, the ion-source current
was maintained between 1 A and 5 A and the volteag kept within the range of 200 to 250 V

(more details in Info Appendix 1).

3.1.3 Thermal Evaporation PVD

For the process of thermal evaporation, conventiomgthods for physical vapor deposition
(PVD) were applied in the experiments. For thispese, a high vacuum evaporation plant BAK
760 was used. The standard diffusion pump usedik B0 has high stability, even in ultra-high

vacuum (UHV), with no pressure fluctuatidig.

3.1.4 lon Assisted Deposition

Other than conventional thermal evaporation methadiéch provide particles in the gas phase
with low kinetic energy, the ion assisted depoasifflAD) process was used in the experiments. In
accordance with high kinetic energy, ion assisteting processes usually lead to a substantially
increased optical and mechanical quality of thendil yet ion assisted deposition enables
improved microstructure with significant productvadtage$®® % % Along with IAD methods,
conventional PVD methods were also studied withod#ged TiQ thin films. For these coating
processes, Balzers BAK 760 plant, mentioned abawe,a SYRUSpro 1100 machine were used.
The Denton CC-105 was the ion-source used in tHeeBaequipment. SYRUSpro 1100 was
operated with the ion-source Advanced Plasma Sderctessional (APSpro). SYRUSpro 1100

and APSPro can only be employed in a completeliagtan system.
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The above coating plants were equipped with e-beaporators, a diffusion pump for BAK 760,
a Cryo pump for SYRUSpro 1100 machine, and onlivgMis spectrometers which record the
spectra of the growing layef$". Many deposition processes were tried during these of this
research, the first process being a conventiomaithl deposition concept which involves the use
of oxygen as the reactive gas. This was carriedusutg BAK 760 without an ion-source. The
second deposition process was based on the AP&mma source used in the SYRUSpro 1100,
and in this process, argon and oxygen were useebative gases. In the final process, BAK 760
was again used, but this time with Denton CC-10%hasion-source and oxygen as the reactive
gas. The ion-source Denton CC-105 was specifiaedBd only in the third process to determine

the impact of ion-source on coatings.

The two coating plants used for deposition, the B$Rro 1100 and Balzers BAK 760,
mentioned above, are shown in the pictures of Eigur Balzers BAK 760 which was frequently
used during the course of this research, with &0 electron-beam set using CC-105 source

with crucible drive, shutter, high voltage, E-guontroller and filament supply.

Figure 17. Thermal e-beam coating plants. Left: SYRUSpro 1100 with Advanced Plasma Source.
Right: Balzers BAK 760 with Denton CC-105.

Denton CC-105 is equipped with typical cathode-andelvice apparatus, and a tungsten filament
which works as a neutralizer. The ion-source wasratpd with pure oxygen at different
discharge current ranges, with typical dischargeeots ranged between 1 and 5 A, and the
discharge voltage regulated between 150 V and 3@y Varying the oxygen flow with values

between 10 to 50 standard cubic centimeters. TintoDdon-source can be used to generate ions
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with energy values of up to 300 eV and can alsdacepthe conventional low energy glow
discharge system employed in order to clean substrprior to coating. The value of the
neutralizer voltage was maintained in the area @fVV1 which resulted in filament currents
between 25 and 30 A. For SYRUSpro 1100, used ijuoction with the plasma source APSpro,
the following deposition parameters were alterdue Substrate temperature was varied between
cold and 300 °C, the voltage between 60 and 18@é&/reactive gas flow for oxygen between 30
and 50 sccm, the flow for argon between 2 and Xins@and finally, the coating thickness
between 200 and 1000 ritf?.

To determine the influences of the selected parenmsietests were conducted on the energy
spectrum of the ions emitted by the source. Appabgrcleaning procedures, including UV-
irradiation cleaning, mechanical ultrasound and umacleaning, were applied to the substrates
before starting the deposition processes, and rdiffesubstrates were heated at different
temperatures, between cold (50 to 60 °C) and 350ptor to deposition. The geometrical
arrangement, the distance between the ion-soutéharsubstrates, was in the range of 30 cm to
70 cm, with deposition rates between 0.15 nm/sTi@r, and 0.35 nm/s for SiQrespectively.
Thin films with a thickness between 50 nm and 1009 were produced on quartz and glass

substrates.

There are certain other parameters which can havienpact on TiQ films. In the conducted
experiments, glass substrate was subjected toteg@tment process, explained above, and after,
the thickness of Ti@films was measured during the deposition proceasgua quartz crystal
monitor named XTC Thin Film Deposition Controllenanufactured by INFICON (see. 3.1.5).

The following diagrams show the important partshef experiment apparatus.
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Figure 18. Evaporation coating system. Left: Balzers vacuum chamber. Right: Electron-beam
evaporation bloc [212]
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The optical substrate of this process is situate@ irotated support, and the shutter controls
evaporation of titanium in the vacuum chamber lastilated in Figure 18 (left). Electron-beam
evaporation is shown in Figure 18(right), and tlef@n CC-105 ion-source parameters are listed

in Table 2.
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Figure 19. Principal parts of the ion-source. Left top: Tungsten filament, magnets, and gas and
water cooling systems. Right top: Magnet field in the plasma jet, hollow cathode with electron hall
current and anode/gas-distributor. Bottom: Acceleration of ions towards the substrate holder in

the magnetic field (2131

Both the vacuum chamber and the Denton CC-105 dance are shown in Figure 19. The
Denton CC-105 ion-source was originally named BddH. It is a cylindrical source with an
anode at its base for the gas supply, and it iatigreemits electrically heated electrons while
maintaining discharge levels between its cathoadkamode. The combination of the electric and
magnetic fields in the ion-source produce an acatdd flow of ions in the form of plasma
jet*®: 21l |n the ion assisted deposition processes, the Hatll ion-source is filled with highly
purified, oxygen or argon gas, over 99 % pure. filasma source consists of an oxygen flow as a

reactive gas, added through a ring placed at theftthe anode tube.
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During the coating processes, different sets ddupaters were used as follows: the materials used
for thermal evaporation included titanium, silicailver, and aluminium, and for the coating
plant, voltage was kept at 8 kV and the curren0.4t A. The pressure of the oxygen in the
vacuum chamber during the processes was kept afl@*xnbar constantly, the heating was
maintained between 50 and 350 °C, and for the alzér setup, the voltage was at 10 V and the

current between 27 to 30 amperes (Info Appendix 2).

The above parameters for the coating process hesf dollected and summarized in the Table 2.

All details can be found in Table Appendix 1.

Table 2. Technical data of the coating process from Balzers BAK760 using CC-105.

Plant & Coating Process Properties
Voltage 8 kV Current 0.35A

Calotte Heater Cold - 350 °C O, Valve Control Unit 3 x 10* mbar
(Process temperature)

High Vacuum 0.001 mbar Coating Thickness 10 - 1500 nm

Coating Sio, 0.35 nm/s Plasma Etching O, gas 20 - 40 sccm*

Rate TiO, 0.15 nm/s Heater Cold - 350 °C

Time 5 to 30 min

lon-Source Properties

Neutralizer Wire Tungsten O, lon- Source Flow 20 - 40 sccm*

Voltage  9-13V

Neutralizer Powe Discharge
Current  22-30 A Voltage 180 -280V
lon-Source Proces S
ischarge 1-5A
Current

*[1sccm= 0.01646 mbéis].

3.1.5 XTC Thin Film Deposition Controller and Brodzhnd Monitoring Platform

The process of deposition was controlled with thip lof XTC Thin film Deposition Controller as
this device has the ability to accurately contrgpaisition rate and thickness. Advantages of XTC
include its capacity to check even the smalleste/alf thickness, along with the fact that it can
process numerous films simultaneously. Its parammetere first defined in order to control the
deposition process and the deposition parameters thien entered in XTC, an explanation of

which is given below.
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To give more detailed information in depositionhieicue using XTC, the main factor was the
Rise Time, which defines the length of the risealSBower represented the start of the melting
point of the source material. After the depositestit may be necessary to reduce the source’s
power to zero, a rule of the XTC program stagee'ld®Ramp’, which helps maintain the
appropriate level of voltage power. The three niaformation points entered in the deposition
parameters were the deposition rate, shutter d&dgs, and final thickness, and these principle
parameter were entered into the Sensor as theinigpdlactor. This factor corrects for the
geometrical differences between the sensor andubstrate because the flow of material from
a deposition is not uniform, it is necessary tooact for the different amount of material flow
onto the sensor compared to the mentioned substitagplies to primary crystal and is

represented by the following equation:

t .
Tooling = tf;, * (t]]is‘Ub'> Equation 7
cry.

wheretf, = initial tooling factor tfs,,= actual thickness at the substrate tigg= thickness on the

crystal (more details in Info Appendix 3).

As an alternative, using the in situ measuremeastesy at the Laser Zentrum Hannover e.V.,
Broadband monitoring was elaborated, redesignediraptémented, which allowed continuous
recording of transmission spectra in the vacuuraatly on the coated substrates. The monitoring

device can detect the completion of the coatingpdes

3.1.6 Coating Parameters

Different deposition processes have been invesiigand generally, all necessary parameters, as
mentioned in the Table 2, were kept within a cartange: for the vacuum chamber; high vacuum
between 8 - 10 kV, emission at approximately 0085-A, G, gas at 3 x 10 mbar, temperature
from 50 to 350 °C. The temperature values preseatiiattuation oft10 °C due to the technical
set-up. For the ion-source; neutralizer potenti§l fetween 8 and 15 V, neutralizer curreit (
between 25 and 33 A, ion-source discharge voltafebetween 180 and 280 V, ion-source
discharge current)from 1 to 5 A, flow of oxygen as a reactive gasvieen 20 and 40 sccm. For
the coating process, the deposition rate was teddl& nm/s and the film thickness between 10
to 1000 nm.

The essential parameters were varied within thgegsmentioned in Table 2 in order to study the
influence of each of the individual coating factofie gas flow of ion-source was varied in

different processes for analyzing its impact onad@mn. The process factors were the potential
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(V) and currentl of electron-beam evaporator, the oxygén) (added in vacuum chamber, the
substrate temperaturd)(in the vacuum chamber, the filament neutralizeteptial J) and its
current (), and the potentiall{) and currentlj of the ion-source itself. In addition to thedeg t

coating rater) and thicknessdj were also kept constant.

There are many reasons that some parameters ataweband others are varied. The operation of
the ion-source CC-105 with a neutralizer regulatimrde leads to and improved stability over a
longer duration. When an ion-source is driven bgistharge current between 1 and 5 V, the
discharge voltages range from 185 to 260 V, cormsifjumeaning that maintaining the discharge
power supply parameters at a constant is not aalwbsguarantee for a constant ion energy
distribution®. The layer properties depend on this ion energyritlition, the reason being that

parameters such as discharge voltage, currenflayasnd temperature are varied. In contrast to
this, due to the technically reason of the stabiitiration of the ion-source and its ion energy
distribution, other parameters such as coatingtgiohnical data, are mostly fixed according to
the evaporation performance, which leads to homeges layers and low absorption values for

IAD processes.

Expected to APS processes, the oxygen is addedhégthelp of the ion-source through channels
where a high gas flow, ranging from 20 to 50 scismused for its ionization. DC voltage is used
for this purpose and is applied between the bodhefsource LaBcathode and the cylindrical

ring anode. The ions are propelled towards thetgtlswith the help of a magnet and their
momentum is transferred to the condensing film ks, which enhances the surface mobility
of the substrate and packing density. A tungstemgnt, shown in Figure 19, was also used in

this process, acting as a neutralizer.
Thin films were deposited using the following s processes:

» Conventional method without any ion-assistancedq€ss ).

* lon Beam Sputtering technology (Process II).

» Thermal e-beam evaporation method with SYRUSprdIddating plant using argon and/or
oxygen as reactive gas and assisted by AdvancstRI&ource (APS) (Process lll).

* Thermal e-beam evaporation method with Denton CE€-18ing Balzers BAK 640
(Process IV). The Denton CC-104 differs technicadlyCC-105 in diameter, ion discharge
current and voltage.

* Thermal e-beam evaporation with Denton CC-105 uBimigers BAK 760 (Process V).

* Optimized Thermal e-beam evaporation method withtBre CC-105 using Balzers BAK 760

at high temperature coupled with annealing (Provdss
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In some cases, the deposited films were annealtdd temperature, rate, and time all used as
variable factors. The temperature was varied inrémge of 200 to 550 °C, and the films were
analyzed first after 4 hours, and later after 2dreoThe first group of films was annealed at
450 °C for 4 hours and then re-annealed at 4000t 6 hours. The second group of samples
was annealed at a lower temperature of 250 °C fbo@s. The aim of this procedure was to
observe the influence of different conditions ohealing in the structure, optical properties and

photocatalytic performance of the Tiflims.

3.2 Optical Quality of Thin Film Layers

3.2.1 Fast Scattering Tests

To evaluate the optical quality of titania thimis, optical scatter measurements are an important
factor in all production steps. One specific metlobdptical scattering is the Total Scattering
(TS) method, which evaluates the roughness ofayer! Another specialized method invented at
LZH is Fast TS, which controls the defects on the sample surfawk imperfections in the

bulk of the components.

These procedures are based on a two-dimensionahding for routine characterizations of
optical samples. Forward and backward TS scansbeaperformed in a few minutes, making
them highly efficient. The beam radius can be adpisrom 35 to 75Qum. Micron particle

produced by electron beam lithography are invegijaThe lateral resolution to distinguish
between two neighbor scatter centers is less tl@amisrons. Integration of the scattering in
a defined angle range, from 2 to 85°, in the fodvar backward path is obtained through TS
measurements (Figure 20). A sign as to the qualitiie illuminated region can be gathered from

the TS value, which can also be used to qualifghoess?*®.

Transmitted Reflected
Beam Sam I_l" Beam
<« T +’
Incident
‘ Beam
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unit

Figure 20 Total backscattering measurement using a Coblenz hemisphere in accordance with
ISO/DIS 13696. ‘Range of acceptance angle’ is depicted by ROA.
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3.2.2 Absorbance and Transmission Measurements

To measure the layer transmission spectrum, LAMBD@S0 and 950 Spectrophotometers,
manufactured by PerkinElmer, were used for theyaismabf the coated thin films characteristics.
With these spectrophotometers, the performance\WWVI4/NIR was obtained for wavelengths
between 175 nm and 2000 nm. The most importans mdirthese spectrometers are Deuterium
and Tungsten Halogen Light Sources, Double Holdgma@rating Monochromators, Common
Beam Mask, Common Beam Depolarizer, Chopper and pamand Reference Beam
Attenuators?*®. The measured spectra were used to calculate tliegzamand refractive index of

thin films.

3.3 Surface Analysis of Thin Film Layers

The objective of the surface analysis was to exanadhesion strength, chemical activity,
contaminants and interaction between the substasgdayers. It involves the examination of the
layer composition of photocatalytic films. An optilnway to understand the outer layer and its

functionality is by generating elemental maps ef tbated surface.

3.3.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) was selectedirtalyze the morphological texture of
photo-catalytic thin films. SEM’s deep field allowsr a number of samples to be suitably
focused at the same time while also producing Isigiteesolution images of the thin films, to as
low as 5 nn**"\. Due to this high magnification, large depth of fecgreat resolution, and overall
ease of sample observation, SEM was selected tiyzanthe external morphology (texture),
chemical composition, and crystalline structurepbbtocatalytic thin film&'®. Scanning and
image formation processes were carried out usiid) Guinta 400 Fas’ with a resolution of 1 nm,
manufactured by EDAX Inc., and ‘CamScan S2’ at 5nesolution, manufactured by NORAN
Instruments Inc. Accelerated electrons in SEM edrrsignificant amounts of kinetic energy
dissipated in the form of a variety of signals, ethincluded secondary electrons, backscattered
electrons, diffracted backscattered electrons dmudoms. Secondary electrons and backscattered
electrons are very useful for revealing the morpggland topography of the surfaces, and also in
illustrating the contrasts in composition in mufttise surfaces, for this research the,T6Q@ated

films [216—218].

3.3.2 Transmission Electron Microscopy (TEM)

The transparent thin films were further charactstiin this research by transmission electron
microscopy (TEM). SEM causes electrons to bouncecatter upon impact so as to scan the

surface of the sample. By contrast, TEM directel@atron beam through the sample to process
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it. SEM images provide accurate three-dimensioaptasentations, whereas TEM pictures are
two-dimensional and may require interpretation. ldegr, TEM is more advantageous in terms of

resolution and magnification than compared to SEM.

Since electrons have a much smaller wavelength pherons, it minimalizes the problem of
diffraction barrier and enables higher resolutiomagery. By driving electrons towards the
specimen and detecting the ones transmitted thrapghs possible to note the densities of thin
films, as well as the diffraction information whesteuctures, such as crystals, are positioned in an
organized fashion. The advantages of TEM, espgciatien it is used for thin films, include
provision of information on crystalline structuresid density maps, and, theoretically, the
possibility of a subatomic resolution. For thiseasch, TEM was conducted at the Institute of
Physical Chemistry, Gottfried Wilhelm Leibniz Unrggy, Hanover by Dr. I. Bannat and was
used on thin films, prepared by ultrasaigpersion in ethanol and fixation on a copper suiegol
carbon film"'?®, Powders scratched from thin films were analyzed witol JEM-2100F field-
emission instrument at 200 kV with an ultra-higlsaletion pole piece that provides a point-
resolution higher than 0.19 nm. The Gatan imagiftgrf(GIF 2001) used in the microscope
enabled enhancement of the dynamics in the selecézdelectron diffraction (SEAD) pattern by

elastic filtering, with a bandwidth of 15 eV.

3.3.3 Elemental Analysis (EDX)

Energy-dispersive X-ray spectroscopy (EDX) analydighin films is used to identify elemental

composition of a sample. In this research EDX waasi@d out using equipment manufactured by
EDAX Inc. and NORAN Instruments Inc. EDX analysisasvpart of the same series of
experiments that included the previously discusSédl. The EDX equipment comprises of
a beam source, a pulse processor, an X-ray detwutoan analyzer, and is installed with SEM for

elemental analysis.

3.3.4 X-ray Diffraction (XRD)

XRD is a non-destructive technique used to identdyystalline phases and preferred
orientations®®. The X-ray diffraction carried out at the Instéubf Physical Chemistry of
Gottfried Wilhelm Leibniz University, Hannover wasvestigated in this research by Dr. L.
Robben and Dr. O. Merka with a Philips X pert difftometer at room temperature in the range
of 0.8 to 10° 2, using Cu Kx radiation {= 1.5406 A). The X-ray diffraction was performed in
grazing incidence using a small (incident) angl®.6F. The measurements were performed in a
26 range of 20° to 60° on a Bruker D8 Advance equippéh a 0.4° soller slit on the detector

side.
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X-ray diffraction data for the ‘Rietveld phase arsi¢’ was recorded on a Bruker D4 Endeavor
diffractometer with reflection geometry, a secondar filter, and Cu Ky, , radiation, which was
done in order to identify the crystalline phased anientation of the thin film samples. The
process was conducted at the Institute of MinesalofgGottfried Wilhelm Leibniz University,
Hannover. Four thousand data points were collegsiolg a step width of 0.02° in theé rom

5to 80° with 1 second measurement time per steptfaa TOPAS 4.2 (Bruker AXS) software
was used in the analysis of these, using the Réetwethod. The parameters optimized during the
process of refinement included scale factors, tackround parameters, and zero point error and
sample heights. So that a calculation profile shapeuld be made, a fundamental parameter
approach was implemented and done on the basisanflasd instrumental parameters with
varying average crystal size (integral breadthjhefreflections. In all phases, lattice parameters
and crystallite size were refined. The source nfcstral data for the known phases was ICSD

database. The references of the data are as foltatite [62679], anatase [9854{".

3.3.5 Atomic Force Microscopy (AFM)

An atomic force microscope (AFM) has a precise nagter resolution which helps in inspecting
insulators and controlling the atomic force for teshthin films. It has the ability to measure
mechanical responses and also allows manipulationndividual atoms in atom-by-atom
mechanical assembly. AFM used during the courseesdarch for this thesis uses the Contact-

Modus and Non-Contact-Modus.

3.3.6  Water Droplet Contact Angle Measurement (CAM)

The angle measurement of the water droplet was ptfir@ary tool used to measure the
hydrophilicity of the surfaces. When drawing a tamigline from the droplet to the solid surface
where the droplet touches it, the contact angtedsangle between the tangent line and the solid

surfacé®?. This technique is extremely surface sensitivéh wie ability to detect properties on a

monolayer. The following Figure 21 shows the dif@rwetting possibilities.

Figure 21. Different contact angle possibilities. Left: (> 90°) poor wetting, center: (25°) good
wetting, and right: (< 5°) complete wetting.
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OCA 20 manufactured by Data Physics Instruments i&mbs used for measuring CAM during
the course of research for this thesis. The hydliogdroperty of the TiQ coated thin films was
evaluated by measuring the contact angle of a vdatgriet on the films under ambient conditions
in air atmosphere. CAM was carried out using theseDrop method. For this, three droplets of
de-ionized water were placed on a sample at anl efigtance of 2 cm, with one drop in the
center and two on each of its sides. Drop volumeseVvb pl and the deposition rate was 1 pl/s.
This experiment was repeated three times, withatlegage value of the experiments taken as the

measured value of a sample.

The experimental error of the measurements waslleddd at +2°. CAM was applied four times,
twice on the right and twice on the left, as peyufe 22, for the titania samples directly after
coating and after annealing to test the hydroptyliaf the thin films.

Measurement is restarted in six steps, the firstgo€l) drop orientation determination, followed
by (2) setup instrument and then (3) adjust caraegie calibration to determine the surface’s
vertical position and record it as baseline. Theatfostep is to (4) capture an image and obtain the
baseline at the correct level and store and reaselBe, and after that is the (5) fluid loading.

The final step is (6) drop dispense.

Figure 22. Picture of Contact Angle Measurement gained using the Drop Shape Method. The
measured drop is symmetrical around a midway vertical axis. Viscosity or inertia plays a role in
shape establishment, as the drop is not in motion. There is no significant difference between the
right side (62.7°) and the left side (62.4°).

(@ CAM of As-Deposited Samples

The water contact angle of the deposited samplasstualied under different conditions, the first
of which being under initial settings, normal robemperature. Next, the samples were subjected
to UV light with an intensity of 1.1 mW/cinand the contact angle was measured after both
22 hours and 67 hours. Once finished, the threplesmvere then placed in the dark for 22 hours,

44 hours and 116 hours respectively.
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(b) CAM of As-Annealed Coated Thin Films

The effect of annealing on hydrophilic propertiéglifferent thickness was examined at an initial
stage and after 67 hours of UV light, with Supragked as the substrate. Experiments were

carried out under different substrate temperatueegjing between 50 to 250 °C.

3.3.7 Raman Spectroscopy

Raman spectra were collected using a Bruker SenRaman spectrometer at room temperature.
It is equipped with an Olympus BX series with thiextFocus™ system for confocal debth
profiling and a set of objectives with long and ghworking distances. The 532 nm line of
a combined Ne/laser was chosen as the excitatimmcesoA laser power of 20 mW was used, with
an acquisition time of 15 s and 7 repetitions. Ragnan spectra are presented in the range from
90 to 1550 crl with a resolution of ~3 cih and have an automatic fluorescence rejectiothda
SERDS (Shifted Excitation Raman Difference Spectpg) method. All spectra have been
baseline corrected, as well as for Bose-Einsteindensatiof?? and subsequently, for the
purpose of easier comparison, all spectra have imegrated and normalized to 1. The signal
contribution from the substrate glass has beeraceltl for each sample, subsequently scaled and
removed from the individual titania spectra, legvihe Raman signal purely of the deposited

TiO, phase.

3.4 Anti-Bacterial Properties

The anti-bacterial properties of TiCoated thin films make them very useful for vasou
consumer products and, most importantly, in thildief medical, sanitation and foodstuff. By
employing plasma-technical process in depositibe, concept can be used in more durable

consumer products requiring disinfecting charastes.

To analyze anti-bacterial properties, tests wenadaoted by Dr. I. Trick at the Fraunhofer
Institute for Interfacial Engineering and Bioteclogy (IGB), Stuttgart. At IGB, Gram-positive
bacterial strain, such aSarcina lutea was used. The cells were cultivated under optimal
conditions. The coating experimental set-paramefaranicrobiological evaluation oSarcina
Luteaused as a Gram-positive bacterium are summariz&alite 6). The evaluation of the cell
number, which was determined in the experimentshdsvn in the photographic form (see Figure
41). The cell number was determined by cultivai@odac-Agar plates) and identifying colony-
forming units. A cell number 2.9 x 1@ells sample was chosen and distributed homogénons

the surfaces. As a reference, a few samples wariagd also in the dark environment.
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4. Optimization of Photocatalytic Activity Measurements

Titania photocatalytic measurements have been tigbip studied by photochemists in the last
20 yeard® 10828, 224 Thage studies have taken into consideration épermtlencies of degraded
substances, pH-values, catalysts (manufacturemglogize of nanoparticles, concentration, etc.),
and light exposure. Degussa P25, Sachtleben Homtik@a can achieve efficiencies of a few
percent depending on which preparation method lectssl. Possible test substances that have
‘simpler’ molecules than methylene blue in an aaqsecsystem, namely isopropanol,
dichloroacetic acid, 4-chlorophenol, methanol, mxacid and formic acid, were discussed.
Standardization efforts photocatalytic measuremargsstill in the early stages. Overall, however,

the majority of researchers have their greatestrismpce with methylene blue.

This chapter presents the development of a measmteraystem for the simultaneous
determination of photocatalytic activity for up&aotated coated samples in an aqueous medium,
which is also fully automatized online using the+tQgrogramming language and the LabVIEW

(National Instruments) system platform software.

4.1 Calculation of Photonic Efficiencies

The demineralization process was performed witblatisn of 10umol/l concentration, with the

initial concentration measured with the help ofcép photometers.

The Langmuir-Hinshelwood law, broadly used in ldjuand gas-phase photocatalysis, is the

expression that the rate of photomineralizatiorofanic substrates via oxygen sensitized on

2252271 A pseudo-first-order Langmuir-

[62]

titania surfaces follows, although with slight &dtiions
Hinshelwood model, as developed by Al-Ekabi andp&ee"™, was used to determine the
kinetics of the photo-degradation and to quanttig fphotocatalytic activities as shown in

Equation 8:

_dC_kr.K.CO
dt 1+K-'C,

r= Equation 8

wherer is the rate of decoloration of the methylene biDés the actual concentration afd is
the initial concentrationK represents the equilibrium constant for adsorptibrthe organic
substrate on the photocatalyst, dndeflects the limiting rate of reaction at maximwaoverage

under the experimental conditions. The integratechfof Equation 8 is:
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C
1n<?0> +K(C—-C) =k, K"t Equation 9
wheret is the process time. At low initial concentratiointhe organic substrate, the second term
in Equation 7 becomes smaller in comparison tditeeterm. Hence, omitting this term, the final

form is shown in the following Equation 10:

In (%) =kt Equation 10
wherek’is the apparent rate constant of the photodecatigogs?). k’is considered to be equal
to the term Ky'K). The k” values can bebtained from the slopes of the straight line plofts
In (Cy/C) against irradiation timeby the method of least squares, and the rategeoflelgradation
were calculated by multiplying the rate constanih ihe appropriate initial dye concentration.

Thek” values can be equivalent to e term due to the experimental calibration.

From the light used for illuminatiok, the intensity of light I, was measured with a fglddode
already calibrated and integrated to the measuregsystem. The speed of light in vacuum ¢ and

the Planck constant h, the photonic fludgss calculated, shown in Equation 11:

NN
—

fo[m_zs_l] =

o
>

Equation 11

Finally, the photonic efficiencies for the photadgsis with the different films are calculated

using the following Equation 12:

_Co k "V Ny

Equation 12
Ao

3

whereV is the cuvette volume of test methylene blue inoetance with the (DIN) 52980
standardN, the Avogadro number andl the illuminated film area. Determined for an asedm
photoactive surface and an initial MB volume andaatration, irradiances below a specific
maximum irradiance will yield zero-order Kkinetic Hasior of the system. The initial

concentration ¢ = 10 umol /| corresponds to 3risdl.

The exhibition of saturation behavior, where thecpized rate constant drops with the increase of

initial organic pollutant, is typical for the degation rate of organic substrates. There are three
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aspects that could account for this performdffte(1) As the surface layer of the solid
photocatalyst is where the main steps in the plabdbgtic process happen, reaction favoring
associates with a high adsorption capacity. Becensst of the reactions follow the Langmuir-
Hinshelwood equation, this means that at a highiainconcentration all catalytic sites are

occupied.

The catalyst surface concentration is not affedigdadditional increasing the concentration,
which could result in a reduction in the perceifiest-order rate constant. (2) The production and
movement of photogenerated electron-hole pairs thed reaction with organic compounds
happen in series, and thus every stage could tutnta determine the rate for the overall
procedure. The latter dominates the process attwentrations; hence the degradation rate has

a linear increase with concentration.

Conversely, the former will become the principlagg at high temperatures, resulting in the
degradation rate increasing slowly with concergratiIf certain illumination intensity is

provided, it is even possible to gain a constagtal#ation rate as a function of concentration. (3)
The rate constant of parent compounds are alsoteffdy any intermediates produced during the
photocatalytic process. A higher concentration a@daabed intermediates can be gathered from

higher initial concentration, thereby affecting tb&al rate.

4.2 Development of a Photocatalytic Measurement Sgsn

In order to determine the photocatalytic propertsésproduced titania films, a photocatalysis
measurement process was developed. Quartz cuwedtesused as containers for methylene blue
during the demineralization experiments. The cegettere cleaned with a Hellmanex Il (Helma,

Germany) solution under ultrasound before beidgdilvith methylene blue.

The titania film samples were immersed in a metiglélue (MB) solution being dissolved in
distilled water with an initial concentration of fubnol/L, at approximately pH 7 at room

temperature This is illustrated in Figure 23.
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Figure 23. Experimental set-up of the online measurement of the photocatalytic degradation of
methylene blue 1231

MB Cuvette containing the concentration of the ssdution was kept for 24 hours in the dark to
ensure that adsorption equilibrium has been reacbed volume of the solution was brought into
contact with the Ti@films in one cuvette, and a second amount infarmiht cuvette was utilized
as a reference. Thin films were deposited in a dosurface with a diameter of 25 mm. The
cuvettes were also covered with quartz glass ligtgd the photo-degradation test. A commercial
TL 10 Philips Lamp emitting in the UV-A region 068 to 400 nm was used to illuminate the
films for 24 hours at room temperature (Figure |2&), and the lamp was turned on 30 minutes
before the start of the degradation experimenttioexe a stable emission spectrum as shown in
Figure 24, right. It was observed that the absarbari the TiQ films was at its maximum when

approximately 1 mW/cmUV-light was adjusted.
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Figure 24. The emission spectrum of the UV-Lamp used. Left: Variation of light power versus
wavelength. Right: Irradiation stability of the lamp needed to reach its full power (A,,2x: 366 nm).
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To measure the optical attenuation induced by nhetieyblue in the cuvettes, a laser source was
employed, and the output power of this laser sowas controlled by a photodiode mounted
behind a deflection mirror for the measurementatiali. A rotating chopper mirror was used to
switch the measurement beam between (1) the refergmannel passing the cuvette containing
MB with an uncoated substrate and (2) the measureamannel passing the MB cuvette with the
immersed sample. The beams from these two chamegts steered into an Ulbricht sphere with
a photo multiplier tube. Using this configuratiotihe AC-amplitude of the signal from the
photomultiplier tube corresponds to the differeimcthe optical attenuation between the reference
and the measurement channel, determined by congptren coated sample with the reference
sample. In order to quantify the measurement @dasaftware algorithm was created on the basic
of the programming package LabVIEW with the ainspéeding up the recording and evaluation
of photocatalytic process informatiff”. This measurement process is approved as being
compliant with the German Institute for Standarticza (DIN) 52980 standard, and on the basis

of this demineralization method, the photonic édiicies of the coated samples are calculated.

The development of the measurement system camnmisteps. Firstly, the possibility to measure
only one coated sample parallel to the referenae (fiigure 23). In this case, a shutter was
necessary to alternate between the optical waysughr the booth cuvettes. Reference
measurements were carried out simultaneously wihcand channel by using a blind cover in
the solution. The second step was the developnighisoprocedure into an automated system for
up to 8 separate samples, and also with the onlie@surement of photonic efficiency (Figure
28).

Reference MB solution measurements without a coatachple should show ‘phantom-
photoactivity’ due to, primarily, scattered UV-ration or adsorption of MB to the sample or the

cuvette surface. An example of this is shown iruFegAppendix I, (blue line).

In order to take photocatalytic measurements othhrefilms, they were placed under an Actinic
BL TL 20 Watt lamp with pre-illumination conditiorst the same level for 15 hours. A long-
wave UV-A radiation was emitted in the 350- 400 range, and the ratio UV-B/ UV-A was less
than 0.1 % (UV-B between 280 to 315 nm). Figures@dws the measured emission spectrum for

the lamp and the time needed for the stabilityraidiation.

The reaction temperature was kept at an ambieat lesing a cooling system placed between the
light source and the reactor. The pH of the reacBaspension was not adjusted (pH free
=6.7~7.2). The suspended catalyst in the aqueysiers was oxygenated continuously by the

ambient air.
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Prior to the photonic efficiency tests, a calilmatiprocedure was performed by varying the
concentration of the methylene blue solutions, gighy 2, 4, 6, 8, and 10 umol/l, and an
absorption wavelength = 664 nm was chosen, as at 664 nm the transmisgiectrum shows

a minimum (Figure 25). The calibration graph usedféirther mathematical fittings is shown in

Figure 26. A saturation effect was observed fohligncentrations of methylene blue.
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Figure 25. Transmission Spectra of methylene blue cuvettes using 0, 2, 4, 6, 8, and 10 pmol/I.

The experimental calibration curve with differemincentrations of methylene blue, shown in
Figure 26, was necessary to start the online meammts of the photodegradation of
methylene blue under UV illumination. Useful progeevelopment was not possible without
an accompanying characterization, so a precise naiénl measuring procedure was
specifically made to determine the photocatalytiivéty.

MB Concentration / pmol/l
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Figure 26. Experimental calibration curves. Left: Concentration dependent transmittance of
methylene blue solutions at 664 nm employed for experimental calibration of the online
photodegradation measurement system. Right: Influence of optical distance of MB cuvette on the
transmission. This system was optimized as shown in Figure 28.
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Precision in photocatalytical measurements candbée@ed by optimizing the performance of
measuring instruments. To achieve an optimal waggthe distribution of allocated radiation
photodiodes, Ulbricht sphere, Optical Chopper, aets and laser calibration procedure were
adjusted. The C++ programming language and LabVHy$lem design platform software were
used to create data analysis software named ‘Phodtht a LZH License. The goal of this
procedure was to achieve the appropriate adjustneénthe technical setups for a high
reproducibility of photocatalytic activity tests.nAinter-laboratory test comparing the coated
samples from different external research partnerddcfurther optimize the development of
photocatalysis processes. The impact of parametacd) as coating rate, temperature, source
parameter and substrate pretreatment, on photgtatattivity was analyzed in the processes
above, and this analysis served as the basis firefuenhancement of the coating parameters.
Based on a total of 288 data points collected fthentests carried out, an empirical correlation
equation was developed to express the reactamtueesiith respect to the UVA irradiance of
1 mW/cnf. A rotation system was created to perform two gask simultaneously measure

8 cuvettes and to also measure through the quavette as illustrated in Figure 27.

Figure 27. lllustration of the method developed to measure 8 cuvettes for their geometrical thin
film surface coatings.

Identical approaches were taken to the test praesdwhere the samples were first cleaned and
then conditioned according to the DIN 52980 statid@he 10umol/l concentration of methylene
blue solution used was set in accordance withahgesDIN standard, and after completion of the
coating process, the cleaning process was repedttediistilled water. The treated samples were
examined as per the ‘underwater method’ rather thardrop method. The coated glass surfaces
treated with methylene blue were standard glasstsaibs that were either spherical, with
a diameter of 25 mm, or squared, with 50x50 mm dgiwns. The samples were dipped in
methylene blue for 24 hours and were analyzed usimine measuring software. A light
irradiation procedure was used for all sampledh Whilips TL10 as the source of irradiation, and

a maximum wavelength of 370 nm (350 - 400 nm) wseduThese steps were repeated 3 times to



66

ensure accuracy of the results. The temperatuteeirchamber was kept under constant check,
never being allowed higher than 40 °C, and was unedswith the help of a computer linked to
the main apparatus. The cuvettes used in the aeee covered with quartz glass to examine

UV permeability.

The existing automated measurement system, asecaeem in Figure 28, was created to be able

to work within the experimental conditions previyusientioned.

Figure 28. lllustration of the automated measuring system used to determine the photocatalytic
activity of thin films. Top left: A rotation plate that can hold up to 8 quartz cuvettes at once.
Top right: A laser source and optical Chopper as laser beam components. Bottom: Overall picture
of the created apparatus with program package to compute the measurements.

A visualization of the C++ program used to detemrine photocatalytic activity is illustrated in
Figure Appendix I. A set of calibration curves, Bwas the transmission values in UV and visible
range for different concentrations of methylene eblwere provided to characterize the

photocatalytic activity (see Figure 29).
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Figure 29. Calibration curves examples used to compute the measurements. Graph of methylene
blue solutions, with a transmission dip of 664 nm wavelength.

Finally, the calculation of the photonic efficienayas performed on the data collected through the
variation of the solution’s concentration. The cédtion created to perform this is found in

Figure Appendix II.

4.3 Photonic Efficiency Evaluation in accordance wh ISO and DIN
Standards

Different characterization tests carried out at i@ facility, in accordance with DIN 52980
standard, were used to determine the photocatadytiuity (Info Appendix 4). Table 3 shows a
comparison of demineralization methods used by [Catiter, based on methylene blue, and by

Fraunhofer IST Institute, based on stearic acid.

A total of five samples were used for a comparasimalysis out of which three were Pilkington
Activi™ samples used as reference and two were prdpat LZH using IAD process. This

comparison depicts the existence of an appropcatelation between the two demineralization
methods.

The following measurement system allows reprodiititband has the ability to take online
measurements of many samples at once. This eliesnaissible errors which may occur in the
normal process of taking a small part of sampleptmallel transmission measurement. Another
important advantage of this system is that it ptesian internal characterization method which
can correlate with other instruments and methodsrdeed in Chapter 3.
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Table 3. Comparison of the photonic efficiencies between stearic acid (IST) and methylene blue (LZH)

Samole ID Demineralized Molecule Photonic efficiency % Photonic efficiency %
P 10" [J/ens] (IST) (LZH)
Pilk Activ 1 2.491 0.007 0.008

Pilk Activ 2 2.684 0.008 -
Pilk Activ 3 2.629 0.007 0.009
IAD Process V 19.61 0.055 0.061
IAD ProcessV, after 22.25 0.063 0.069
annealing
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5. Results of Photocatalytic Activity of Different PVD Processes

This chapter contains a compilation of the resplfimined regarding the different process variants
in the PVD processes for optimization of photogatalactivity. This compilation is to serve as
a broad summary of the correlation details, ang thili not list every correlation between every

different parameter.

The PVD photonic efficiency is very small, oftentte order of 0.01%. This affects not only the
dyes but all excited photocatalytic reactions. Hmeall amount of these dyes can be easily
covered through parasitic mechanisms. Thereforigt stttention to the reliability of the ‘zero
measurement’, necessary as an active referencdesaiitip consistent preconditions in dark, light
source, and initial concentration, has to be carsi®™ ?*®! To classify the activity obtained
through the comparison to other films in the litara, here are some examples. Other results are
already discussed in Chapter 2, Basidsing the experimental set-up of an initial MB
concentration of 1@mol/l, irradiation intensities of below 5 Wfnhave been calculated for
substrates comprising quantum efficiencies grehgr{ = 0.09% for colloidal TiQ prepared by
controlled hydrolysis of TiGI**". The photocatalytic activity of Tifilms is determined also by
the affinity of its surface towards the reactamd solvents. With tailored surface properties, even
such compounds can be photocatalytically reactedxhibit a practically negligible reaction rate
if a standard Ti@ photocatalyst is used. Mesoporous films of Ji@ave been shown to be
efficient photocatalysts, particularly for the dadation of dyes, yet their photocatalytic
efficiency strongly depends on the respective diggran mechanism. In this experiment, the

photonic efficiency of Pilkington Activ™ was 0.0288.

Pilkington Glass Activi™ represents a possible slgtasuccessor to P25 TiOespecially as

a benchmark photocatalyst film for comparing oth@hotocatalyst or self-cleaning
films [12% 209, 229]

5.1 Comparative Analysis of Different Coating Procsses Using

Methylene Blue Degradation

The coating parameters discussed in this thesisclassified under the following six PVD

processes (Table 4):
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Table 4. Parameterization of processes

Process Nr. Platform lon- Gas
Source
5 comparative PVD methods
conventional e-beam Process |  BAK 760 0
without ion-source )
- Wlthout ....................................
lon Beam Sputtering Process Ar,
IBS
Il O,
Pri)ltl:ess SYlRlLé)%pro APSpro A(\)r
Thermal e-beam evaporation 2
Process Denton
Y BAK 640 CC-104 O,
Process BAK 760 Denton o
\Y CC-105 2
Optimized PVD method
Thermal e-beam evaporation, developed ProcessV, Denton
at high temperature BAK 760 cc-105

To analyze the IAD parameter dependence of theophtdlytic activity, the processes were

repeatedly compared to the preparation of the platadytic layers.

lllustrations 30 to 34 (pp. 71-77), shown in thé-shapters below, depict the impact on the
layers of the substantial coating parameters, whicludes the ion-source, gas flow, discharge
bias, and the process temperature and thicknessmparison of the methylene blue degradation
on the coated surfaces prepared with these diffgramameters is presented with uncoated glass

as the reference sample.

5.1.1 Influence of the Coating Processes

The initiate comparative study was establishedccémventional (Process |), IBS (Process lIl), and
thermal e-beam evaporation with (Process lll). @wtional thermal evaporation methods
(Process |) are used to clarify the influence #raibsence of ion-assistance has, such as for the
demineralization of methylene blue without opemtany ion-source. More recently, ion-beam
sputtered oxides have been found to exhibit oppoaperties which are superior to those of films
of the same material deposited using thermal e-tmarporatiod®® "®! These larger differences

indicate a larger value of refractive index n foe fon assisted coating.

In distinction to this, the Advanced Plasma SoyARS, Leybold) generates argon plasma. The
oxygen for activated reactive evaporation processkx] into this plasma over the aperture of the
source by a special nozzle system. The major paeanw®ntrolling the energy of the ions

impinging on the substrate is the bias voltagehefdource. Due to the possibly influence on the

photocatalytic performance, a check is required Es#.3).
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The process concept considered throughout is hgsmu the gridless end-hall ion-source Denton
CC-105. A broad ion beam is transported through Huurce and can be operated with pure
oxygen for the reactive coating of oxide compounbigical operation conditions consist of
a discharge current of 3.0 A, resulting in a disghavoltage of approximately 220 V at a chamber
pressure of 3 x ITHmbar, and a constant oxygen flow rate of 25 sderaugh the discharge
region. To initiate the ionization of the feed gawsl to neutralize the ion beam, a voltage of
approximately 10.5 V is applied to a tungsten fitanin (diameter: 0.635 mm, length: 13 cm)
which is installed at the outlet of the source. Bperation parameters selected greatly influences
the mean ion energy and the energy distributiome@dly speaking, the maximum is found at

approximately 50 - 60% of the discharge voltage.

The degradation of MB over 20 hours (Figure 30stwbthat TiQunder UV-illumination is able
to mineralize the organic compound dissolved inewand, consequently, water purification can
be proposed as a technological application. Therdigevealed that the photocatalytic activity
curve, gained via the SYRUSpro 1100 using APS sat@50 °C on thin films of 300 nm with
a Bias equals to 70 V, contains larger differenoatiminution of MB concentration extreme than
the curve for the conventional e-beam evaporatatirgpand little faster than the IBS technology

samples.

In this deposition process, Pilkington Activ™, tbemmercial photocatalytic glass, was used as
a reference. The photocatalytic activity level ofrenercially available materials used in roofing
tiles, window glass and ceramic plates is usudlly @ery low level. The photonic efficiencies of
these substrates fall within the range of 0.05 8amf2000 UV photons one releases a straight
reaction. There is a certain amount of loss in gynénat can be attributed to the fact that charge

carriers are produced deep inside the titania lagdrmust then be transported to the surface.

The above evaluation of the different processesethylene blue demineralization is shown in

Figure 30, with the uncoated piece of glass asréffierence sample. The process shown was
carried out with BAK 760, using Denton CC-105 as tbn-source and oxygen as the reactive
gas, using the parameters 250 °C, 0.15 nm/s, ~&@0and it shows the highest photoactivity

level. The photocatalytic efficiency of the exandngamples lies between 0.0170% (IBS) and
0.0559% (IAD-CC 105).

The rate of demineralization of methylene blue aXérhours and the variation of the ratio of
In(C/Cy) versus time were determined. The correspondints @f the data are presented in the

Figure 30.
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Figure 30. Investigated coating concepts in comparison. Influence on the demineralization process
of conventional (thickness: 300 nm, T: 200 °C), IBS (thickness: 300 nm, 200 °C, gas: O, and Ar)
APSpro (thickness: 300 nm, 200 °C, gas: O, and Ar), IAD with CC-104 (thickness: 300 nm, T: 200 °C,
0,: 20 sccm), commercial glass, and the developed IAD with CC-105 (3.5 A, thickness: 300 nm,
250 °C, 25 sccm).

The films prepared using BAK 760 exhibited a phetmamposition rate of methylene blue that
was 1.8 times higher than commercially availabledpcts with a self-cleaning ability, and
36 times higher when compared to uncoated substréteese results are a consequence of the
different technical parameters of the processegbdld SYRUSpro 1100, as the depositing
apparatus, emits ions. Denton CC-105, as an ioresphas the ability to generate reactive gas
ions as a deposition parameter, while APS Pro oaaie ion streams with defined energy values
in eV range. Denton CC-105 gives enhanced resultsrms of photoactivity that are simply not
achievable through conventional thermal processegn with the use of high substrate
temperature.

All coatings show properties superior to the comegzral electron beam evaporated coating.
Depending on the desired application, a dense stitrcture can be obtained by an adjustment of
the parameters of the ion assistance. Althoughethas been significant progress in the ion-
sources processes, mainly I, Il and V, the captinality when using APSpro, Denton CC-104
and CC-105 still differs. The subsequent experimefiers far-reaching opportunities for
controlling the photoactivity variations. There amany properties proposed for the mentioned
PVD processes, including layer composition contilehse coatings, high substrate temperature,
low contamination and high deposition rdfés? ?!% 2! Retarding Field Analyzer (RFA),
named also ‘Faraday Cup’ being determined by thiential of the magnetic field, the discharge
ion current, and the gas flow, reveals the ‘intBgraergy distribution of ions emitting from the
ion-source. The RFA is a maneuver for measuringctireent in a beam of charged particles. In
its most basic form, the RFA comprises of a condgatetallic chamber or cup that intercepts a

particle beam. An electrical load is attached whmdnducts the current to a measuring
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instrument®®®.. The number of ions or electrons hitting the cap be determined by measuring

the current. This concept is depicted as follows.

dlcup .
Powp = | 557 UretdUret Equation 13
dUret

wherel,pis the current antdis the potential.

The energy distribution level of ions as the disgkavoltage, maintained for APSpro, CC-104
and CC-105, holds a practical importance in thahfiuences the adsorption level of atoms,
thereby also affecting the morphology of the thimg. Figure 31, displays the results gained
from the influence of the different ion-sourcestha methylene blue demineralization réatd.
Based on a total of 288 measured data an empo@atlation equation has been developed to
express the reactant residue. The values compildéigure 31 demonstrate that the photonic
efficiency for the IAD at 300 °C is by a factor @imnost two or more higher than for the APS and
conventional processes. Furthermore, also the rgmatobtained after IAD with the CC-105
source on cold substrates are much less photodbtivethat on the hot substrate indicating that

the substrate temperature has a crucial influence.
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Figure 31. Photonic efficiencies obtained for TiO, coatings processed with IAD cold and at 300 °C,
IAD with APS Bias 60 and conventional cold PVD process compared with that of a commercial
photoactive TiO, glass.

5.1.2 Influence of Gas Flow

Electron beam evaporation techniques have beeredtwdth varying TiQ deposition processes.
Using a powerful electron beam, the source mateciaefly TiO, a sub-oxidé" %2 or Ti-

metal®?, is heated with an oxygen partial pressure belowi8* mbar. A low chamber pressure
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is needed when using a standard setup. In orderetent scattering of the evaporated particles
and the oxidation of the electron gun with a statidetup, a low chamber pressure is required,
although it is possible to use higher pressurethéndeposition chamber if the electron gun is

differentially pumped. The evaporation rate is fixa 0.15 nm/s.

Results of the influence of reactive gas flow amespnted in Figure 33 only for the case that the
CC-105 was operated at discharge current kepta@oinat 2.5 A.
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Figure 32. Influence of the oxygen flow, for the IAD process with CC-105 (2.5 A, 150 °C, 300 nm).

Generally, the production of oxide layer materizds be achieved through the use of oxygen as
areactive gas, so that layers can be produced axitemely low absorban&®. The layer
photoactivity after the use of a reactive gas i@ tAnge of 30 (x10) sccm cannot be greatly

changed in the course of a coating process.

From the Retarding Field Analyzer measurement (RfA&asurement, the previous result cannot
be related only on the energy distribution of tepagated ions of the oxygen. In anticipation of
the investigation of three-dimensional emissionrabiristics, it should be mentioned here that

the distribution of low-energy ions is less directean the height of the energy contéfit

Through a change in the ion-source current valiteis, possible to increase the ion energy
transfer, then leading to an additional effect ba tondensation of the layer and possibly a
change in the microstructure. The precise influeotehis ion dose on the variation of MB

concentration under UV is thoroughly studied in tlest few chapters.

5.1.3 Influence of Discharge Bias

According to the research reports on CC-105 orasieyears™" %3 2%l the correlation between

the discharge voltage and the peak position ofdhenergy distribution is not clearly defined in
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the regulation mode with constant discharge cumedtgas flow. As a consequence, keeping the
discharge power supply parameters constant is sol@k guarantee for a constant ion energy

distribution.

During Deposition Process lll, in which SYRUSproODland APSpro were used, a bias of
60 volts resulted in good photoactivity of the finwhich was revealed by measuring the level of
methylene blue demineralization. Photoactivity tlggadually decreased when the bias voltage
was increased from 60 to 130 V. Both the energyridigion of the ions and the spatial
distribution of the ion-current density were depemidon the high level of stability of the ion-
source parameter. The influence of bias voltagéghendemineralization, changed depending on
which ion-source was employed for the process. ibhesource works under strong magnetic
fields, thus showing a correlation between the mtgriield and conductivity, which then in turn
will affect the bias. Using two different magnefiields, B and B,, it is possible to create

a potential difference in which the following eqoas can be seen:

AV, k'Tel (B) Equation 14
= n(— uation
p e B, q

where4V, is the potential difference in plasniajs the Boltzmann constanl, is the electron

temperature, and is the elementary charge. A varying bias expreaselsange of potenti&l,,

and during the ion-source working, the fi@glbecome denser thdh

The ion energy of ions hitting the cathode largaedgociates with this bias. Practically, the bias
applied to the substrate governs the energy of #&rging at the surface of the growing film.
A sheath is formed between substrate and plasmaubecof this bias, causing the potential

difference between plasma potential and surfacenpiat to drop.

The discharge current range is in agreement wighnlentioned information, and this current
allows for the controlling of the ion flux duringating. This effect interferes with changes in the
shape of the plasma, from which the ions are etddad he potential difference in plasma helps

to analyze the ion energy measurements which direstrespond to the ion energy distribution.

As can be seen above, the APS ion-source, witleréifit bias values, affects both the potential
created and the ions distribution. Consequently,rémge of the discharge current influences the
absorption of Ti atoms on the surface, which thiéects photocatalytic characteristics. Figure 33

shows the influence of the discharge current orddmmmposition of methylene blue.
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Figure 33. Bias voltage when coating with SYRUSpro 1100 at 250 °C on thin films of 300 nm. A
higher voltage reduces the demineralization of methylene blue.

The power changing across corresponding to the ba@sage is non-neutral, comprising

predominantly of the thermal and structural eqtiliim. The bias voltage of the body of the
source is the main parameter controlling the enefdie ions impacting on the substrate. A bias
voltage of 0 V characterizes the conventional exbd2vD process without ion assistance.
Additionally, the increase of potential variaticor the APSpro ion-source cannot be conforming

to the mentioned structural equilibrium needed.

The titania layers are optically and morphologicaltlequate with an APS bias voltage of only
60 V, being, for example, stress ff&&!, whereas higher bias voltages cause compressine fi

stress and a low refractive index, such as at 8B0orV.

5.1.4 Influence of Temperature

A comparison of the deposition process carriedusutg different ion-sources at different coating
temperatures shows that Balzers BAK 760, at 200aA@ using Denton CC-105, achieves
a comparatively faster decolorization, resulting an almost colorless solution. This was
compared to SYRUSpro 1100 with APRpro at 50 ar@%Dand Balzers BAK 760 with Denton

CC-105 at 50 °C, where the methylene blue condaémtravas only reduced to half, from

10 pmol/l to 5umol/l (Figure 34).
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Figure 34. Influence of the Substrate temperature. A comparison of heated (200 and 350 °C) and
unheated (60 °C) processes on the demineralization of methylene blue over 20 hours.

Minor variations in temperature are known to natagly disturb the photocatalytical oxidation
rate™. This reliance, albeit low, on temperature by degradation rate can be seen by the low
activation energy (a few kJ/mol) as contrasteddomal thermal reactions. It is possible that the
organics’ photodegradation is managed by hydroaglical reactions as the activation energies
are similar to that of hydroxyl radical formatiBff’. The interfacial electron transfer speed to
oxygen could be capable of controlling the efféettttemperature has on the oxidation [&fe

The swift desorption at higher temperatures of Isoffistrates and intermediates from the catalyst,
on the other hand, is likely another factor in thiscess, which could lead to a greater effective
surface area for the reaction. At this step of ghecess, the rate-limiter is desorption at lower
temperature€*®. While only relatively small alterations (0.04 eWave been discovered in
relative positions of the Fermi level of titaniawmters at temperatures between 21 to 75 eV, an
increase in temperature results in the observatibnmproved interfacial electron-transfer

kinetics?%?,

The rate of decrease is significant in the cas@anfia films coated at higher temperatures. This
increase of photocatalytic activity can be relatethe surface morphology, crystal structure and
the enhanced photo-response of titania films asvshm Chapter 2 (2.2.3, 2.2.4 and 2.2.5)

reviewing the current literature. Thin films coatatd 200 and 300 °C had a higher surface
roughness, which lead to an increase in the effediirface area and thus improved the activity,
as shown in Chapter 7 and Chapter 8. In this dhsegrain boundaries are reduced and a less

recombination losses of electron hole pairs aregegad due to UV-illumination.
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5.1.5 Influence of Thickness

Figure 35 exhibits that the photocatalytic activigs a relationship with the coating thickness, so
that photoactivity is low when the coating thickeés between 15 nm and 150 nm, but increases
gradually between 200 nm and 550 nm. Beyond 60@aating thickness, photoactivity remains

almost constant.

The effect of the coating thickness, from 15 to@®@@n, on the photocatalytic activity of IAD
films has not been previously reported in the ditere. For other deposition methods, this critical
effect relates to a limited diffusion length of tblkearge and a cumulative light absorption with
increasing film thickness as tested by H. Tadaléf®a They reported that the critical film
thickness was ca. 100 to 150 nm and so deducedaggechcarrier diffusion length of
approximately 300 nm. The effect of film thicknegmerally indicates a dependence on the thin
film preparation technique, and/or the investigaiosetup for analyzing their photocatalytic
performance, i.e. the size and nature of the ocgtest element used. This reasoning has been

confirmed by the IAD experiments using column-grstiucture (see Chapter 6).
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Figure 35. Influence of the deposition thicknesses using Process V on the degradation of
methylene blue.

Figure 35 shows that the photocatalytic activitypeteds on the film thickness and can be
presented in three regions: Region [|: below 150 Reygion II: 200 to 550 nm; and Region Il
over 600 nm. To understand this dependence, Kngefiet al. demonstrated in 2008 that the
column-grained film structure explains the reasthres carrier diffusion cannot be the limiting
factor for these films. Charge carriers generatsite the grain do not need to diffuse for more
than 25 nm to reach its surfd@eBased on these results, it has been discoveredhiganost of
the incoming light is absorbed in the first few 15® of the film and that increasing the film
thickness leads to greater performance. 150 nimeigfitical value for the photocatalytic activity

dependent on the methylene blue degradation.
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A higher surface area of the catalyst, as a gemel&| increases decomposition with the catalyst
as there is a greater surface area available feorption and degradation, depending on the
sample thickness. There is an ideal value availalere the solution opacity increases when
above a certain concentration as a result of isedight scattering of the catalyst particles.sThi
then reduces the light penetration in the soluttbos diminishing the rafé®2*? An additional
point to consider is that terminal reactions (sashEquation 15 and Equation 16) could be a

factor in the photodegradation rate attenuatior fbihmed hydroperoxyl radical is not as reactive

as the HOone:

'+ HO = H,0, Equation 15

H,0, +HO - H,0 + HO; Equation 16
The ideal catalyst dosage reported for photoreadtas a large range from 0.15 to 8 g/l for
different photocatalyted systems and photoreactetich only grows with increasing light
intensity> ?*® This ideal dosage is, under certain conditioigmificant when designing slurry
reactors that make use of the reactor space aatysiatA photoreactor will be under-utilized if
the optical penetration length at any illuminatiatensity and catalyst concentration is less than
the solution layer thickness. In addition to thHi$Q, immobilized systems also have a prime
catalyst film thickness. As a result of the filmirmp porous, the catalyst thickness is proportional
to the interfacial region and so catalytic oxidatie favored by thick films. However, increasing
the thickness increases the internal mass tranmsfstance for both organic species and
photogenerated electrons/ holes, which then inailinncrease the recombination possibility of

the electron/hole pair and so decrease performa@egeadation.

5.2 Comparative Analysis of Different Coating Procsses Using Other

Dyes: Interlaboratory Tests

For systems of activity evaluation, the suitability methylene blue (MB) has been studied as
a representative dye by, for example, comparingddmmposition of acetic acid (AcOH) in its
aerated suspension system. Other reference tegtsbiean done. The uncoated side of the same
substrate was used as a standard reference fatigbeloration of MB, with the commercial

samples of Pilkington Activi™™ supporting this coni@h comparison. Other assistance in
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comparison came from continuous and parallel comefgary work with project partners, such

as the stearic acid degradation procedure in Frfaninstitute (IST).

Additionally, the IAD samples were sent to GermaiN 5tandarization for the following
Interlaboratory tests:
5.2.1. Stearic acid and luminescent dye tests, (Fraofer Institute IST, Braunschweig)

A series of measurements carried out by IST, usiegric acid and luminescent dyes were

gathered (Figure 36) in order to determine the gtaialytic performance of the IAD samples.

Sample IDPhotonic Efficiency

1.0 at t= 900s
Glas reference
—— IAD, #1 IAD, #1 0.0432
S5 0.8 —IAD, #2
s s IAD, #2 0.0396
2 ——IAD, #5 IAD, #3
g 0.6 D, ¥ 0.0288
§ —IAD.#7 |AD, #H4 o 0336
2 041 )
g IAD, #5 0.0359
© 02 IAD, #6 0.0325
IAD, #7
0.0 : : : . . 0.0314
0 200 400 600 800 1000 L ,
Pilkington_:
Time/s g - 0.0181

Pilkington_: 0.0164

Figure 36. Results of degradation rate using luminescence method (IST).

For thin layers of stearic acid a strong correlati@tween the light scattering, or the Haze value
(H) of the layer and the mass densitlg/cnT] was observed. This correlation can be descrised a

linear over a wide range of Haze (10% to 70% Haze):

H(t) = Hpax — [Hmax — H(t = 0) exp[rp'B - t] Equation 17

whereH(t) is the temporal development of the hagesorresponds to the decomposition rate and

B to the calibration parameter, which is 7.2 ¥ binf/g + 9% for the prepared stearic acid

layerst?®.
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Figure 37. Two Process V IAD sample results of Haze [%] to compare against commercial photo-
catalytic glass and an uncoated glass (IST).

The results of stearic acid and the decay of lustieece are resumed in the following table:

Table 5. New Developed Stearic acid and luminescent investigation results acquired by Fraunhofer
IST.

Sample Stearic acid Efficiency Luminescence Efficiency
Pilkington Activ™ 0.008 0.017
IAD Process V, with 0.060 0.035

CC-105

5.2.2. Photocatalytic surfaces based on a solidestaminescent dye

An europium (lll) complex showing the typical ineen5D0— 7F2 transition with an emission
wavelength maximum of 615 nm upon excitation at 880(Figure Appendix IllI). The dyes are
deposited onto the samples using an ultra-highwacweposition technique as thin-films
spanning from 10 to 100 nm. The procedure is tigated with 20 W/rhat 365 nm with a LED,
and the luminescence is time-dependently monitongtth a spectrofluorimeter. The dye
luminescence displays only a minor reduction irciive substrates such as glass, yet exhibits a
significant decay on photocatalytically active suhies ***!

Pilkington Activi™ samples were the self-cleaninfgrence in tests carried out. The IAD samples

(A, B and D) were coated via Process V using anassisted electron-beam evaporation process
operated by Balzers BAK760 plant.
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Figure 38. Luminescence results using the new developed solid state luminescent dye method [244]

A, B and D: on IAD substrate coated with 20 nm of dye. These substrates were used for a round
robin test, in which every substrate was measured three times. Right bottom: no activity of
commercial Pilkington Activ™.

The very active IAD samples were able to reduceluh@nescence intensity to zero within the
measurement time (Figure 38). The characteristis®an lines of the europium complex vanish

completely, which expresses a total decompositidheodye layer.

While the mechanism of the solid state luminescm®t method is not totally cleared, there is

proposal that the decay of the dye luminescenbasgsd on the photocatalytic effect.

5.2.3. Photocatalytic performances using ‘ReductiohNOx’ and Acetaldehyde

The photocatalytic activity of samples from earlieptimization procedure was tested to
determine the degradation of NO and acetaldehyde,veas carried out at the University of

Hanover by a developed research group consistiigaif D. Bahnemann.

Samples created via four different processesjzdtiss0 x 100 m were used to determine their
photocatalytic activity by the degradation of NOdaacetaldehyde under UV (A) tested
irradiation. These four processes are A: conveatiowithout IAD (Process 1), B: IBS
(Process Il), C: (Process Il) and D: Process IMYI&LC-105). Before measurements were taken,

all samples were preconditioned for 7 days undei/cnt UV-A light.
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Figure 39. The photocatalytic performance results from D-TOX, ¢/o Inst. f. technische Chemie,
Hannover. Photocatalytic NO oxidation is measured with an NO content of 1 ppm and a flow rate
of 3 L / min. An analysis is performed with a NO/NO,-Analysator containing a fluorescence
detector with an NO detection limit of 1 ppb. Photocatalytic oxidation of acetaldehyde is
measured with an acetaldehyde content of 1 ppm and a flow rate of 1 L / min. An analysis is
performed with a capillary gas chromatograph containing a photoionization detector with an
acetaldehyde detection limit of 1 ppb.

The titania-sensitised, photocatalytic oxidatiorN&) proceeds to nitric acid, via nitrous acid and
a radical based mechani&ft 2! The key photocatalytic reactions are illustrailedEquation
18(a) and Equation 18(b).

Recent worl*® reveals that the accumulation of nitric acid o tburface promotes its

photocatalysed reaction with NO that generatesakie product NQ, Equation 18 (c).

TiO;, hv> Epg

4NO + 0, + 2H,0 ———— 2 CH;CO0H (a) Equation 18
TiOy, hv > Epg
Ti0,, hv > Epg
2HNO; +NO ———3 3NO, + H,0 (c)

Other recent work*® indicates that the acetaldehyde is first oxidigeacetic acid (Equation
19a) and then to formic acid, formaldehyde (theladeing adsorbed onto the surface of the
titania) (Equation 19b) and then, finally to €@&quation 19c):
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2CH3CHO + 0, —» 2CH3CO0OH (@) Equation 19

2 CH;COOH + 0, » 2 HCOOH + 2HCHO (b)
2 HCOOH + 2HCHO + 30, » 4C0,+4H,0  (c)

Kinetics of a heterogeneous photocatalytic readdareatly influenced by two major factors: the
concentration of the substrate of the interest #mal efficiency of charge separation in
photocatalyst. Several groups have reported ontikistudies of the gas-phase heterogeneous
photocatalytic reactiorf&’®. In this work, the effects of the adsorption affirof substrates and
the efficiency of charge separation in the photalgat on the kinetics of the photocatalytic
reactions were investigated. In this regard, thgaseous compounds: acetaldehyde, and nitric
acid were picked up as model compounds. They weoseaen because of its properties, and they

can be considered as representatives compoungdsgctieely.

After the coating processes were applied to thestsafes, they were exchanged with other
research partners. Resulting from this exchangdtjplautests were utilized and therefore there
was an expectation of either reproducibility of theminescence loss or a reduced luminescence
loss from the deactivation of the substrate. THAE® samples also display the photocatalytic
performance as previously observed (see ChaptgrGrie of the difficulties facing researchers
working with qualification methods, that there isllss-yet no reliably defined and readily
available photocatalytic substrate standard, casobeed by these IAD samples. The developed

luminescence method can deliver a new method gasaing self-cleaning properties.

The methods of photocatalytic measurements depenthe® same principle; they all monitor
decomposition of various kinds of model pollutarithiey may be gaseous like nitric oxide,
liquide or dissolved in water like methylene blueapplied on the sample surface solid film like

stearic acid.

5.3 Photocatalytic Disinfection and MicrobiologicalAnalysis

The experimental set-up for microbial tests usBeycina Luteaas spherical Gram-positive
bacteria has been described in-depth in ChaptEx@erimental Sarcina Luteas yellow when
grown nutrient agar. The microbial evaluation @drusingSarcinia LutegMicrococcus Luteus)
in 7 hours with a distinct 5-6-log reduction of tleell count showed high inactivation of
microorganism on Ti@thin films deposited with PVD-IAD, which provesaththe films have a

good antimicrobial efficiency.
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These results were compared with reference kepieimark. The results show ttdircina Lutea
survived in the dark on all of the surfaces. Mokthe studies have concluded that the main
mechanism for the killing was HQ@ttack and lipid peroxidation reactiBh >*® The presence of
UVITIO, in the membrane photocatalytic destroys the migaism. In the presence of oxygen
and water, highly reactive OH-radicals are gendraielAD thin films and ultraviolet exposure.
This present study investigated the disinfectiomadteria, with the experimental set-parameters
summarized in Table 6 and Figure 40 illustratinig thactivation. The temperature was kept at
350 °C, and the thickness at 300 nm. (More desa#sinfo Appendix 5).

Table 6. Antibacterial study of IAD optimized process (VI)

Sample Time Process & Position
[h] left right

al 7 IAD, 30 sccm, 2 A in dark
a2 12 IAD, 30 sccm, 2 A in dark
a3 24 IAD, 30 sccm, 2 A in dark
a4 12 IAD, 30 sccm, 4 A -

ab 24 IAD, 30 sccm, 4 A uncoated
bl 7 IAD, 40 sccm, 2 A -

b2 12 IAD, 40 sccm, 2 A in dark
b3 24 IAD, 40 sccm, 2 A uncoated
b4 12 IAD, 40 sccm, 4 A -

b5 24 IAD, 40 sccm, 4 A uncoated

b6 24 IAD, 40 sccm, 4 A uncoated
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Figure 40. Photographic representations of Titania samples. ‘high temperature’ refers to 350 °C.
(a) Inactivating the test organisms in three stages, after 7, 12 and 24 hours. The samples were
coated at high temperature and 30 sccm oxygen flow. (b): Inactivating the test organisms after 7,
12 and 24 hours. The samples were coated at high temperature and 40 sccm oxygen flow.
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Figure 41. log population results for Sarcinia Lutea on IAD samples Film 1 (250 °C, 2 A, 40 sccm,
500 nm); Film 2 (250 °C, 4 A, 40 sccm, 500 nm); Film 3 (350 °C, 4 A, 40 sccm, 500 nm).
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The photokilling effect of titanium dioxide thinlrfh on bacteria was selected to be used on the
model Sarcinia Lutea Ultraviolet illumination applied alone did notfedt the viability of
bacteria, and all bacteria survived well in theesilog of TiQthin film. The formation of bacterial
colonies on the Ti@surface decreased significantly. The resultinggenaf the microorganism in
the presence of photocatalytic active films showed nearly complete killing was achieved after
7 and 14 hours of UV illumination. The samples uagtiout coating and coated in dark help for
comparison. The Figure 40 shows that the 40 scanoi® suitable than 30 sccm, and the Figure
41 exhibits that 4 A more effective than 2 A at Z%0) and more increase in temperature to

350 °C doesn’'t ameliorate considerably the phdiajil

As explained in Chapter 4, a redox system, alorly @xygen and water, is formed on the surface
of films upon its exposure to UV illumination. Thentails separation of electrons)(and
electron holesi(). In the oxidative process, the electron holey jla important role as they
generate highly reactive OH-radical from wdt&. These radicals are capable of removing
germs and bacteria. This eradication of microomgasiis due to the oxidation effect of the

surface and the reactive species that can be pedchecause of TiO

For possible antimicrobial use with real-time swdgt heating or post annealing, currently
required for available thin film deposition processphotocatalytic titanium dioxide films have
been extensively studied. Photocatalytic perforreanicthe deposited specimens is tested with
methylene blue solution, and antimicrobial efficasyevaluated through the use of as industrial
standard for better understanding the relation éetwphotocatalytic effect and antimicrobial
efficacy. The result shows that columnar Tifdlm with an anatase phase structure can be
prepared within a proper coating parameter range Ghapter 6). The oxygen partial pressure
and the ion doses (discharge current) favor theémarbbial activity. As a result, the
photocatalytic efficiency and the antimicrobial ieity of the deposited film reaches their
maximum potential when ion-source oxygen flow ighh(30 to 40 sccm) and the ion-source
current is increased (2 to 4 A). The presence afeme phase is what determines the majority of

the photocatalytic efficiency and antimicrobialigity of titania films.

Finally, this chapter shows that the different lattory tests and different methods used give
effective and promising comparative results fortpbatalytic performance, even overcoming the
problems of the challenging IAD process (Processag)compared to other processes. This work
demonstrates that optics prepared with both theverttional method, that being without ion-

source assistance, and the IBS method are notgatatgticly active. These methods are used in

the following chapters only as a reference fopediviously defined coating methods.
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6. Structure and Surface Properties of PVD Titania Thin Films

The understanding of surface and microstructurpenties was one of the main aims of research,
and the goal of surface analysis phase was to eeathe morphology of the Ti&urfaces. This
morphology study is useful to determine the coti@ha between the optical properties and
photoactivity. A spectrophotometer (SPM) is a silédadevice to correlate between transmission,
reflection, and photoactivity. This characterizatialso requires measurements of the contact
angles for hydrophilicity and hydrophobicity in dormity with the International Organization
for Standardization (ISO), the United States Milit&tandard (MIL-STD), along with abrasion

resistance and adhesive strength as per the eméral/Durability Tests.

After the coating process, the layers were examitedevaluate the basic photocatalytic
characteristics. The optical characteristics of thim films are determined by the process
geometry, the source and reactive gas parameteds,ttee activation procedure. The most
important aspect in the characterization procesgoissvaluate the morphology aspect of
transparent monolayers. Another important factorcéosider is the microstructure, with the
former determining optical absorption and the fattHecting the photocatalytic properties and

scattering loss of the layers.

6.1 Investigation of XRD Crystal Analysis

For XRD crystal analysis and TEM investigation, fblbowing results offer the investigation into
the basis of the optimization of coating procesgdseady shown in Chapter 2, a review of
relevant literature, the evaporation rates for l1&Dexperiments can be quite high, namely on the
order of 10 nm/s. It is possible to obtain cry#tall(anatase or rutile) thin films by either hegtin
the substrate during deposition or annealing afggrosition. The thin films’ microstructure can
be managed by the starting materials, the subseatperaturé®?% the angle of incidendg,

the deposition (§) pressureand the evaporation radfé®. Studies looking at a variety of
parameters are given in L. Wanga's Wtk To control the thin film microstructure, a typica
IAD layer on a hot substrate was employed. For ragstallinity, the following results are

discussed:

» Annealing at temperatures between 300 and 500 A€dded to obtain crystalline anatase
films 2% 24
» An advantage of PVD is that the process conditzars be controlled to yield crystalline

thin films without annealed substratg.
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» Once diminishing the grain size below ca 10 to @0the degree of crystallinity is strictly
reduced due to the high surface to bulk ratio, eimre the grain boundaries represent a
high defect state. The photocatalytic activity o€ls films increases by a factor of almost
3 when crystallizing anata&®, confirming that a higher degree of crystallirigyindeed
beneficial.

> Na can inhibit crystallization by increasing the tesrgture needed for
crystallization ?°®,

» Often the grain size and/or crystallinity of théntfilms are not clearly defined or have
a large spread, so that dependencies cannot beedefiell. Crystallinity of the thin film
increases by increasing the number of crystalbi®svell as their size. Since the grain
surface can be taken as a highly defective, nostaltine phase the crystallinity increases
with grain size (lower surface to volume zero).

» Amorphous or nanocrystalline films are expectetbtm at low particle energies and low

substrate temperatures, which is confirmed by expertal result&>¢2%!

Figure 42 represents the typical X-ray spectrumi@f coated using the IAD process.
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Figure 42.Typical X-ray diffraction spectrum with corrected background for TiO, layers coated
using IAD.

The result of the IAD layer shows a high diffractieflex (004) and depicts a preferential crystal
orientation. The X-ray diffractions show that thecrostructure is anatase, with the anatase
crystal structure having diffraction reflexes (10@) 20 = 25° and (004) for @ = 37.7°. The
lattice distances are 3.50 A and 1.87 A, and amcoordance with ones obtained from anatase
(101) and (200). These diffraction reflexes areagreement with those documented in the
literature (XRD data base: ICDD PDF 21-1272) fdtida distances of 3.52 A and 1.89 A.
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The above results are caused by the influencensf @ high energy neutral particles, meaning
that the suitable evaporation procedures are ttinagevork with oxidic raw materials or Ti-metal
combined with ion-sources. Several process concepth particular attention given to the
deposition of TiQ layers during the production of high optical fuontlayer systems (Chapter 7).
This investigation showed that there was a goodgipility to adapt process concepts in the optic
functional layers range. Additionally, An allocatiof the 2 theta shift at 39°, high (004) reflex,

was also observed in an external XRD investigaftigure Appendix 1V).

6.2 TEM and DS Examination

Crystal analysis is illustrated in the following & pictures, Figurd3.

Figure 43. TEM investigations (A, B) and SAED admission (C) of IAD with CC-105 optics coated at
250 °C, 30 sccm and 300 nm.

Shown above (A) are nanocrystals with diameterS tf 10 nm, and the nanostructure of glass
coated with titanium dioxide is clearly recognizbue to its crystal orientation in above (B).

The sequence of the Debye Scherrer rings in FBIE) is typical for TiQ anatase, as the rings
(101) and (200) are recognized clearly in the mscéll rings are well-developed and show
a high portion of oriented crystals, which is matious on the basis of the ring (101).

Using a transmission electron microscope and SAHie, captured images of the surface
microscope shows that IAD coating under definedcgss parameters (250 °C, 30 sccm and
300 nm) enabled high crystallinity, i.e. more tHa# % of crystallite phase and a high photo

activity due to the presence of high anatase purtio
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6.3 Modification of Surface Morphology

The two most important factors that add value twated surface are the adhesive strength and
the durability, both of which make the coated stefenore practical. It is essential for substrates
to undergo appropriate preconditioning processesrder to gain these characteristics. These
preconditioning processes can have an impact oworttstallinity and surface morphology of the
thin films and can also be carried out by convergianeans such as lacquer finish, the manual
usage of chemicals, and plasma etching. The lasterconventional processes, application of
chemicals and plasma etching, were investigatedbrdter to analyze the microstructure and
morphology of the surface, the following techniquegre employed: Scanning electron
microscope (SEM), Atomic force microscopy (AFM), &itative chemical Analysis (EDX), X-
Ray Diffraction (XRD) and Debye Scherrer (DS), Tgarission electron microscopy (TEM) and
Contact Angle Measurement (CAM).

6.3.1 Energy-Dispersive X-ray Spectroscopy Chemiadlysis

Both Menzel glass and Suprasil glass were usedilastrates for the EDX chemical analysis.
Suprasil substrates were utilized to avoid the tregampact of impurities, such as sodium and

potassium, on the photocatalysis.

The EDX diagrams in Figure 44 (a, b) show the cleaimtomposition, layer and substrate, of

TiO, layers on Menzel and Suprasil quartz samples.
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Figure 44.(a) Measuring curves of the EDX analysis of titania thin films with IAD Process V using CC-
105. Substrate: Suprasil glass.
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Figure 44 (b). Measuring curves of the EDX analysis of two titania thin films with IAD Process V
using CC-105. Substrate: Menzel glass.

The chemical impurity comparison of Suprasil and nléd quartz glass in the graphs

demonstrates that the two types provide differestits.

EDX analysis of the two uncoated substrates cosfithe presence of various elements on
Menzel glass, such as Na, K, and Ca. These cheimigpalrities limit the use of Menzel where

high purity and OH content affects the morpholobésal optics properties.

The presence of such elements affects the coatoaggs, and also the photocatalytic ability of a
surface (Figure 45). Pure quartz Suprasil was faarzk free of these elements, which resulted in
a higher visual quality as compared to Menzel, mgki more suitable for use when high optical
quality is desired. Though Menzel has a lower \iguelity, it does have its own benefits as a
borosilicate glass, namely a resistance to chemidials also more commercially available and
there is little difference in the anti-bacterialacacteristics and morphological properties of the
two. This makes Menzel useful for certain purpoaes is a good choice when comparing

different substrates.

It has been discovered that the photocatalyticviies of TiO, PVD thin films are reliant on the
type of substrate that is used. The presence ohargthe EDX spectra of films coated using the

APSpro ion-source, Process I, is due to argongoesed as a reactive gas.
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(250 °C, 300 nm, Bias 60).
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IBS deposition
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(c) Process V:
IAD with Denton CC-105 (250
°C, 300 nm, 25 sccm, 2.5 A).
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free substrate on the
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A suspected influence on the activity of the filrasathe ions diffusing from the substrate into the
film. The decline in photocatalytic activity wassasiated to the effect of Na on the grain growth

in the thin film upon different procesd&¥.

Na may inhibit the crystallization of anatase whilso increasing the particle size in the filnisit
thought that, by annealing films, Na creates algWwatlonor state in Tig) making it an unlikely

recombination center.

All of this makes it possible to conclude that Nahe films, by changing the particle size and not
by acting as recombination center, affects the gutagalytic activity. This clarification leads to

using Suprasil quartz for the analysis in Chapter 7

Due to this influence, most investigators wish void incorporation of Na when a heat treatment

step is needed after deposition, and so use gksstibstratés™.

From the above it can be concluded that the bestesgl regarding the influence of Na on the of

TiO, properties is by the correct selection of glagssate to escape Na-contamination.
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6.3.2 SEM Analysis

The SEM pictures shown in Figure 46 reveal thatdamdeposited using conventional method,

APSpro ion-source and Denton CC-104 and ion-bearttespng process exhibit small grain sizes.
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Figure 46. SEM Results of different deposition processes. (a) Process I: Conventional method
(250 °C, 300 nm). (b) Process Il: APSpro investigation (250 °C, 300 nm, Bias 60). (c) Process lll: IBS
deposition (250 °C, 300 nm, with 15 sccm Ar, 30 sccm O,). (d) Process IV: IAD with Denton CC-104
(60 °C, 300 nm, 25 sccm. 2.5 A). (e) Process V: IAD with Denton CC-105 (250 °C, 300 nm, 25 sccm,
2.5A).
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However, if the films were deposited using an IADeam evaporator with CC-105, they showed
a bigger grain size. It is possible to retain tlatiple size of Merck's commercially available
Titania P25. Commercially available anatase isdgfty less than 50 nm in size. These particles

have a band gap of 3.2 eV, corresponding to a Uveleagth of 385 nm.

The cross section SEM results obtained for the siépn processes are shown in the following
figures. Their images are representative of varidegosition set for a comparison between the

optimized process (Process VI) and other processes.
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Figure 47. Representative cross section comparison between different processes. (a): using APSpro
(250 °C, 300 nm, Bias 60); (Pr. ll), (b): lon sputtering technology (250 °C, 300 nm, with 15 sccm Ar,
30 sccm O, ); (Pr. 111), (c): IAD (Pr.V) (150 °C, 300 nm, 25 sccm, 2.5 A) and (d): optimized IAD (Pr. VI).
(350 °C, 300 nm, 23 sccm, 2.5 A)

Figure 47 shows a SEM cross-section of the colunstarcture of the deposited titania by
different process parameters. The IAD films featuniform cross-sectional structures for 1AD
processes. Additionally, the average particle sizthe columnar structure was calculated using
the values obtained from several SEM micrograple morphology of a titania thin film is
facilitated by its roughness. Films deposited bySAR and by IBS show a smoother surface, and
therefore might be more hydrophobic than the fitteposited by IAD process as shown in 6.1.3
and in Chapter 7.
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The ion flux value of the samples consistency dagsplay as big a role in this regard as it does
for other coating types. Comparatively low energ8Q0 eV) ions are more desirable than higher
energy ions when attempting to minimize substrabettering while still maintaining enough

energetic activity to result in the above effects.

The ion-source used grants a monoenergetic, nizelaion beam that is focused coated
substrates. This configuration grants several ewhdit features over conventional plasma
preparations providing ion bombardment of the gabst including intrinsic control through the
ion beam, the independence of the bombardment gsdtem the deposition process, and the
ability to precisely measure all critical depositiparameters. Another characteristic regarding
IAD is that substrate cleaning can be quickly ageished prior to deposition by controlling the

appropriate gas through the ion-source.

SEM analysis reveals that the samples depositetyusn Beam Sputtering have a smoother
surface than samples deposited using a thermabeatign method, as shown in Figure 46. From
the results it can also be seen that samples degogsing IAD can produce a surface with
a rough morphology, and at approximately 250 °€, kD process improves the photocatalytic

property of the surface when compared to the IAGcess at approximately 60 °C.

If a thin film has a flat surface and a fully dersgricture, the geometrical area of the substrate
equals the active surface area. If it has a rouglace, however, it will have a larger area gaining
more photocatalytic activity. It is possible to appmate this area increase on the supposition

that the surface consist of a collection of senhiesps™.

The layers appeared with a granular morphology,ciwh$ of interest as this increases their
photocatalytic activity. The analytical methodsS&EM and AFM characterized the morphological
properties. It was found by scanning electron nsicopy that all Ti@ thin films were
homogeneous and continuous. It is possible for #md@, films (Process Il and Ill) to offer
numerous useful optical and corrosion-protectivepprties, and in addition the roughness on
TiO, films (Process IV and V) can improve the inherphbtocatalytic activity. Ti@ films
prepared with IBS (Process Il) showed poor phostdgat activities because of the defect level

generation caused by the bombardment of the highggrparticles on the growing film surface.

6.3.3 Scanning Probe Microscopy by Means of AFM

To analysis the optical surface quality, all thartia films were 300 nm thick. To examine the
sample surfaces, AFM was used due to its high wésal of 1 um. Figure 48 shows two-
dimensional TiQ film pictures deposited with ion beam assistarmesamples from cold and

heated processes with a varying reactive oxygesl k&wd ion current assistance. It obvious that



6. STRUCTURE ANCBURFACEPROPERTIES OPVD TITANIATHIN FILMS 99

the surfaces of the films exhibited a high degrfe®oghness and the films became rougher when
the deposition temperature increased. To compaweeba coating with and without ion-source
assistance, the three-dimensional AFM photos bestww the surface structure and the

densification of operated films.

Section Analysis

ctrum

Section Analysis

Figure 48. AFM investigation for films with and without Denton CC-105 for the scan area of 5 um x
5 um. Left: Conventional method without IAD (250 °C, 300 nm). Right: with IAD method (250 °C,
300 nm).

An area of 2um x 2um was scanned for titania layers extracted fromAtikl images to contrast

the grain sizes and roughness of titania coatirgmted both with and without IAD. Two essential
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pieces of information were identified from this quamison, the first of which being that the width
of the column is approximately 6 nm for the coni@mdl process and 26 nm for the heated IAD

sample. The second point gained was the rough sweare RMS, given in formula as such:

RMS = ﬁ=1 Z%:lz%m Equation 20
NM

whereZ,, is the height of column extracted from AFM datd@hatRMSdepends strongly on the

scan size gives an indication that the surfacdrhagl behaviof®.

IAD-TiO, are rougher, havingRMShigher than 6 nm while also displaying a more oparfiace

than conventional Tiglayers, whose roughness is typically less thamB2

Figure 48 shows the difference aspects of “Secddinalysis” of samples heat-treated, for the
titania using ion assisted source. The coating WRI$ source is amorphous. It can be concluded
that deposition with Denton CC-104, the particleitanium dioxide remain more agglomerated,
and the crystallization rate of titania is reducBdese AFM pictures show that the morphology of

the layers is influenced drastically on the depmisiprocess used.

The results illustrated in both Figure 46 and Figd8, clearly show the difference between the
conventional method and the IAD process. It casd®n from an SEM investigation of Li@im
without lon Beam Assistance that the grain sizal®teh30 to 110 nm. This demonstrates that the
lateral grain size on the layer surface amount80tdo 80 nm for the films deposited with lon

Beam Assistance, which is smaller when comparéldet@onventional technique.

Additionally, the average roughness value is betwédo 8 nm, shown in Figure 48, left, and
between 15 to 30 nm, Figure 48, right, which alaoed depending on the type of ion-source

used and the ion-source parameters.

Generally, the 300 nm thick layers investigated sigaificantly smoother with the conventional
method and rougher with the ion assisted depositi@thod, which is indispensable for the

hydrophilicity effect and an increase of photocgtalactivity.

In general, this same observation of a smooth seidan be made using IBS technology, Process
Il (Figure 47b). It was observed that the amorghdi, films have a very smooth surface. AFM
images shown in Figure 48 are for Process V, wlsic¢he deposition method with a varying ion-
source current, reactive gas flow, and substrabpeéeature. It was seen from the Fifdms that

they had a rough surface with uniform grains andniyaspherical particles. The surface
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morphology reveals the nanocrystalline Ti@Qrains; creating a denser film with increasing
temperature. An ion-assistance method with a higygen flow value conveys a significant
change in the structure and at 2 A and 40 sccngthims get larger but the basic structure

remains unchanged.

Rough surfaces comprised of distinguishable grainthe anatase phase are demonstrated by
AFM patterns.

An alteration in the grain size is needed to galarger surface area for a Ti@hin film. The
majority of photocatalytic materials have a graincoystallite size under 100 nm, making them
nanocrystalline. Defective lattice producing graoundaries start to dominate the material when
the crystallite size is below approximately 10 R¥. As this result in trap sites for the
photogenerated charge carriers, which will therrease their probability of recombination,
imperfections in the lattice structure are detritabmo the photocatalytic activity. This is the
reason that an highly defective amorphous statexpected to show either no or very little

photocatalytic activity?®? 253

In addition, surface area is always a key factohéterogeneous catalysis process. It is known
from AFM pictures that the crystallite size is slaafor the TiQ films deposited with the lon
Beam Assisted Process, and so can be concludethéhatirface area of the Ti@ms with lon

Beam Assisted Deposition is larger than those degabwithout lon Beam Assistance.
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50.0 nm

25.0 nm

0.0 nm

Figure 49. Two-dimensional Atomic Force Microscopy results of IAD samples at a scan size of
1x1 pm. in height mode. Tapping- mode AFM images were taken for 300 nm thick single titania
layer. Oxygen flow was varied between 20 to 40 sccm, the discharge current between 1.5 to 2 A,
and the substrate temperature: cold and heated at 250 °C. The scanned area was 1 pm®.
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The AFM image above (Figure 49) depicts the surfatk different grain sizes. Although the
TiO, grains sizes reach 2 A at 20 to 40 sccm at 25GH&y, have smaller proportions in either
cold coated film or with 1.5 A. AFM study of the @aged region reveals that grain sizes differ
from low oxygen assistance to high values, andas wlso discerned that there was a lack of
cracks and a non-compact morphology of the dembsii®, film. Below, the influences of

thickness, temperature and discharge voltage tighress of the films are discussed.
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Figure 50. AFM study of reference samples: uncoated glass and titania film coated without IAD.
Ironed surface: 1 umz. RMS: roughness, AH: Average Height.

AFM studies have shown that an increase in proteisgkness causes considerably greater
roughness. AFM pictures exhibits that deposited filims with 30 sccm have nanocrystalline
structure. Density of grains packing was four tirb@ger in cases of thin films deposited by 2 A
and high temperature of 250 “®NIS 10.54) as compared to thin films deposited atelow
voltage (1.5 A), and seven times higher than coeg#w a cold process.
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Figure 51. AFM study of IAD films for an ironed surface: 1 umz. RMS: roughness, AH: Average Height.
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When compared to thin films from IAD using 60 °C5 A and a thickness lower than 100 nm,
a higher variation of the surface topography cariooed for those Ti@films obtained from an
IAD process with 250 °C, a thickness of 300 nm, andl. These results were determined based
on RMS(Root Mean Square) parameter as shown in Figur@&iitess V generated higHeiMS
values for TiQ thin films. The structure of Process V TiG@ilms are considerably more
homogenous than those prepared via other procéssels as with a low temperature). Local
minimum and maximum height values on AFM imagesicivinave also been sharply outlined on

histograms (Figure 51), may theoretically causersnn theRMSvalue.

30 scecm, diff. current and temperature

RMS / nm

40 sccm, diff. current

20 sccm diff. current
and temperature

conv. diff. temperature

Figure 52 Influence of different coating parameters on TiO, film roughness when deposited via
Process V (with IAD) and the conventional method.

As display in Figure 52, theMSvalues’ development similarly follows the previaliscussed of
AFM results in Figures Figure 48 and in Figure #Be RMSvalues increase considerably from
1.43 to 7.5 nm when the temperature rises fromo6800 °C and the discharge voltage reaches
2 A. The reason for the increase in roughness asgitowth of grain size and, theoretically,
a process leading to rougher surfaces is more dl@ifor the adsorption of organic pollutants.
A study ofsection analysisvas performed on the AFM images, as shown in Eigyrpendix V.
The employment of all AFM investigations was calrigut to perceive the surface and texture

properties of the synthesized titania films.

This was so as to completely understand the surniamghologies reliance on the optimized

parameters. Titania sample films are comprised ndérconnected spherical nanoparticles.
Whereas uniform and dense spherical grain-likecsires at the same altitude compose the
surface of the conventional and IBS processedABeProcesses films show rough structures of
nanoparticle agglomerates. Through calculationhef telated AFM images, the average grain

sizes of TiQ particles (see Figure 46) are divided in two caties. The first category is ‘low’
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approximately 27 nm for conventional, 16 nm for AR& 16 nm for IBS. Category two is ‘high’:
approximately 42 nm for IAD with CC-104 and 51 nar fAD with CC-105, making them in
agreement with the photocatalytic results previpughined in Chapter 5. To ascertain the
photocatalytic activity other vital parameters @daion to grain size include the maximum height
(Rmax), the average roughness valda)(and the root meaR9 of surface features (Figure 52
and Figure Appendix V). IAD Processes IV and V jded a comparatively higheRMS
especially for high temperatures, and lower valwese observed for conventional and IBS

processes.

The IAD Processes have a rougher surface and armpgirticle size, making it favorable for the
adsorption of organic pollutants. It can be sugggdtom these results that the films exhibiting
various photocatalytical and morphological asperia be synthesized at different designed

experiment conditions.

6.3.4 Influence of the Process Parameters on Hydmiigity

Determining the hydrophilic effect is essential f@hotoactivity. Thus, contact angle
measurements were carried out to determine theopidicity of the samples and correlated to

the results of the MB demineralization.

Table 7. Comparisons of the contact angular measurement

Sample # 0O,/ sccm current/ A Temperature / °C (x10 °C)
S5 15 60
20
S11 2 250
S4 60
15
S10 250
30
S3 2 60
S9 250
S2 60
15
S8 250
40
S1 2 60
S7 250
S6 without without
. 60
reactive gas current

The samples from Table 7 were coated with 300 n@} Tising IAD process V, and rod-shaped
particles were found on samples S8 and S9. Thecleartin samples S6 and S7 have only
a spherical geometry, similar to those found ora88 S9. The influence of ion assistance in the
coating process is shown upon microscopic investigain which S6 and S7, prepared with an

ion assistance of 2 A, shows a greater quantigpbgrical geometry than S8 and S9, which were



6. STRUCTURE ANCBURFACEPROPERTIES OPVD TITANIATHIN FILMS 107

both prepared with 1 A. The demineralization resolt methylene blue establish that spherical
structures are highly effective in regards to thetpbleaching of methylene blue, which allows

for the creation of a more concentrated clustenethylene blue molecules.

In regards to adhesive strength, although thegbaize was seen to have grown upon annealing
at 400 °C, the deposited films were highly stalihereasing the annealing temperature above
400 °C adversely affected the morphology of thedil to the point of forming cracks when
annealed over 500 °C for 12 hours. Table 7 proveteverview of the influence of process
parameters, such as unloading current,flOw, and temperature (cold: 60 °C; hot: 250 °C).
A better result can be obtained with higher protesgperatures, and the addition of oxygen plays
such a major role in photocatalytic coating thégrapts with oxygen addition were not continued

as this could possibly result in a non-stoichiomeffect of less than 15 sccm.

A comparison of layers shows that better hydrogitylican be achieved with an,@evel at

30 sccm, rather than at 40 sccm. The contact aadgeschange with the level of current as they
increase as the current is reduced, and vice vBmae of the samples also showed an increase in
contact angle under UV exposure. The samples S6,S87 and S9 showed an improved
hydrophilic effect when compared to samples S72@dwvhich were produced with UV exposure
and showed a large contact angle. The manufactamegbles were coated with Ti@nd divided

in 3 test rows: addition of On 20, 30 or 40 sccm; temperature in cold and Z50discharge
current in 1.5 or 2 A (Table 7). Figure 53 showt tthe samples have amphiphilic surfaces. The
sample surfaces on which the contact angle is emalter UV-irradiation than it was before are
to be called hydrophilic or super-hydrophilic. laldle 7, the samples are sorted according,fo O

ion-source current and temperature.

With the comparison of the temperature dependeahdecomes clear that the layers produced
under higher temperatures are more suitable thartles produced with cold process.fays

a significant role in coating. With a decrease he flow of oxygen, the contact angle also
changes. The contact angle drops with rising intyynSome samples show a very large contact

angle after the effect of UV irradiation.
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Figure 53. Hydrophilicity analysis results for cold processes and process at 250 °C with and without
UV exposure, and after dark experiment.

The surface free energy of solid determines thealiity of a flat surface. For a non-flat surface,
it is the surface roughness that affects the wisittaH* . Wenzel expanded Young's equation

by including the surface roughness to obtain theviing equatiorf?*”.

cos =r "cosf Equation 21

whered is the apparent contact angle ani the surface roughness ratio between the actual
surface area and the apparent surface area. Tiadi@g indicates that, as thevalue is always
greater than 1, the surface roughness improvesopkdicity for surfaces under 90° and also the
hydrophobicity of surfaces greater than 90°. Reswylfrom the contact angle of a flat THO
surface always being less than 90°, the hydroph®bi surface cannot be attained through

consideration of only the Wenzel equation.

Superhydrophilic properties were also displayedhgyfilms when under UV light for 67 hours,
and they turned hydrophobic after being storechendark for 116 hours (Figure 53, right). The
CA of the samples reached approximately 50° whea kethe dark for 5 days, suggesting that

alternating between UV irradiation and dark storege control the surface wettability.

6.3.5 Industrial application

Glass, plastics, ceramics and metal samples ddrdift sizes were obtained from the commercial
entities Sartorius AG, Duscholux and Villeroy & Boand deposited with titania thin films and

then analyzed for their self-cleaning charactex$stA comparative analysis of these samples is
given in Table 8, which also shows the resultsiobtafrom the deposited standard Suprasil and

Menzel glass samples.
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Table 8. Results of the accomplished contact angle

Angle
Substrate Processes a_nd Parameters Angle [°] [‘f]
Coating Materials without UV with
uv
Comparison between PVD- Coating Processes, 2563@) nm
Quartz glass Suprasil heated with IAD, Pr V <23 <5
AF 37 alkali free heated without IAD, Pr V <20 <5
Borosilicate D263 Menzel heated without IAD, PrV 74 <5
glass D263 Menzel heated with APS, Pr Ill 39 16
IAD application on different substrates using Pes¥ , ~300 nm
Sartorius AG
BK 7 glass bubble and inclusion free With ITO 82 50.4
Multi-layer front windows Without ITO 79.6 57
glass
Duscholux
PMMA as dip coating Method 1.5 A, 30 sccm - -
as Primary Material 1.5 A, 20 sccm 27.7 <5
reference 1.5 A, 30 sccm 69.4 41.8
Villeroy and Boch
Ceramic white Painted 1.5 A, 30 sccm 66.9 38.7
Iron steel metal Sample Without IAD 13.3 <5
metal Sample 1.5 A, 30 sccm 89.4 <5
Aluminium reference 1.5 A, 30 sccm 15 <5

This table displays the results of the Ti€urface both before and after UV irradiation foe t
industrial application of this research. For botmaltilayer glass with an ITO layer and BK 7
glass (Sartorius AG), Ticfilms coated with IAD display an initial CA of seral tens of degrees,
which varies depending on the surface conditiongh wsurface roughness being the chief
property. lon e-beam evaporation sources after ty&tiation produce higher deposition rates
than conventional sources, which lends itself tgdaarea hydrophilicity industrial application.
Water also begins to show a decreasing CA aftsrithdation, with the CA finally reaching near
0 (<5) as shown in Table 8 and Figure 54. At thégs, the surface becomes fully non-water-
repellant and retains a CA of a few degrees foaya two when under the ambient condition
and no exposure to UV light.

When coated, the surface energy of these layeggeiater than that of the industrial surface
covered with the initial OH groups. As a water debjs significantly larger than the hydrophilic
areas, it instantly and completely spreads on ausirface and thus resembles a two-dimensional

capillary phenomenon.
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In some cases, another polymer film (from Duschplhan be used as a seed layer, which then
provides the hydrophobic surface that is genenalbferred by these films. In this case, the CA
again reaches near 0, which is the same as foliralomand ceramic. In contrast to this, uncoated
PMMA exhibits no hydrophilicity. With this basic preciation of these substrates coated via ion
assisted deposition with a varied discharge cursurface temperature and oxygen flow, the
produced samples are suitability for productioras$y to clean applications with the intention to

coat a large selection of surface material.

Sartorius multi-layer glass 79.6°, Villory Bosh painted ceramic 66.9°,

after UV: 72° after UV: 38.7°

Dusholux PMMA as primary material 27.7°, after U35°

Figure 54. Process V CAM results of post-IAD application on different industrial substrates.

6.4 Durability Tests: Mechanical and EnvironmentalStability of TiO ,

Layers

The mechanical stability experiments were conduetiti the coatings, with their resistance
under environmental influences being analyzeds Itmportant to note that there were more than
200 coatings, classified into the 5 previously-defi coating processes, | to V. A minimum of 10
samples, were produced in each coating batch. @mele was used for optical monitoring, and
the rest for different optical, morphological, niufitnctional and structural characterization, all
within the MIL (MIL-C-48497) and DIN Standards (DIB2348, DIN ISO 9211-4) (more can be
found in Figure Appendix VI). The durability conidi is vitally important for the thin films as it
has an impact on characteristics of the films’ gtow

6.4.1 Layer Adhesion Test

In the tests done following the MIL-C-48497A modile coated samples were subjected to an
adhesion test using wide cellophane tape. This ve@® pressed, with 1 kg pressure, firmly
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against the coated surface and then quickly remaved angle normal to the coated surface. The
results in Figure 55 show that the layers mainthiteir original form and exhibited no damage
to the surface, with below (left) displaying therfage before testing, and below (right after
testing. The Process V IAD sample is used hereragrasentative example.

before test after test

Figure 55. Durability test SEM results of a TiO, 300 nm thin Suprasil substrate coated via Process V
(250°C, 2.5 A, 25 sccm, 0.15 nm/s).

6.4.2 Moderate Abrasion

To test moderate abrasion, a 3.8 inches (0.91 ddg and ¥4 inches (0.61 cm) wide cheesecloth
was placed over the coated side of the sampletardrubbed back and forth using the machine
shown Figure Appendix VI. Though this process vegmeated 50 times with a contact pressure of
1 pound (0.45 kg), the results (Figure 56) showedhdication of abrasion on the layers.

Before test Moderate test Cheesecloth (MIL- Severe test Abrasion Tool with
CCC-C-440) Standard Eraser

Figure 56. Nomarski-microscope magnification inspection of a 300 nm thin Suprasil substrate
coated via Process V (250 °C, 2 A, 30 sccm, 0.15 nm/s). Eraser test is according to MIL-E-12397B.

This test establishes the high durability requiretador thin films. The surface of test sample
showed no evidence of coating removal or scratdBeserally, all coated IAD titania films show

no signs of deterioration or abrasion.
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6.4.3 Severe Abrasion Resistance Test

For abrasion resistance testing, the samples winiged with a standard eraser 20 times with
a pressure of 2 pound (0.9 kg). The results of, i®wn in Figure 57, demonstrate that the
samples were unchanged and no scratches were foFigede 57, (left) shows the surface before
abrasion resistance testing, and Figure 57 (rgidjvs the surface after this test.

before test after test

Figure 57. Example images of severe abrasion test controlled with SEM, as good representative for
more than 200 coating batches. This test was carried out on a 300 nm thin Suprasil substrate
coated via Process V (250 °C, 2 A, 30 sccm, 0.15 nm/s).

6.4.4. Sand Erosion Test

This test is according to the DIN 52348, and ISQ192. The coated sample was first cleaned and
the transmission was measured as-deposited. Thelesavas rotated and a controlled 10 g of
sand (grain size: 0.2 mm) was funneled from a dggteof 60 cm though a cylinder (diameter:

8 mm).

To ensure the environmental stability of the lay¢h® method was precisely reproduced five
times. After every step, the transmission curve massured to determine the damage caused by
these small particles and any resulting surfaceatef The transmission curve was found to have
decreased after every measurement (Figure 58).
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Figure 58. Sand erosion test. First row coated via Process I: without IAD, 250 °C. Second row via
Process IV: IAD with CC-104. Third row via Process V: IAD with 2.5 A, 300 °C.

This exact test was repeated using different cgginocesses to generate points of comparison.
The difference in transmission is approximately %owing a decrease in the stability that

normally characterizes this sand erosion test. @tiference can be reduced through the future

use of cleaning techniques, which can allow for plete removal of sand traces. A higher change
is observed for the process without IAD, of whidfe tfirst 10 g show a significant loss of
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transmission. The transmission loss via this test the three coating processes is beneficial in
determining the most efficient way to clean coatathples before characterization methods and

other industrial applications.

6.4.4 Solubility Test

For the solubility tests, in each case the optiesevfirst placed into a container housing acetone
for 15 minutes, and then another 15 minutes inrdadoer carrying isopropanol. In both cases the
optics were completely submerged into these salstand dried after removal. The results of this
showed that no e-beam layers detached from the glasace. Also dependent on layer and the
substrate surface are environmental properties ascolubility, abrasion or adhesion, in such a
way that their resistance and performance may bd tesdetermine the limits and possibilities of

TiO, thin film operation under real conditions (Figurppendix VII).

The thin film properties when coated via lon Beaputgring include greater adhesion and
denser film structure, both credited to the higleergy of the sputtered particles. The intent in
both instances is to impart the thin film adatomdiwe substrate with increased energy, and thus
increased mobility prior to nucleation. An improvedrability was observed for films produced
with IBS and IAD when compared to other depositimethod, such as sol-gel. The ion
bombardment is generally beneficial for film adleasand nucleation. The processes fulfill the
high demands of present optical technologies, witime of the major aspects covered being a
compact microstructure, an enhanced optical quaditthigher mechanical resistance and an

adjustable film stress.

6.4.5 Experiments with Polymers

The polymer may not, in several cases, have gobdsioh to the surface of the substrate unless

either an adhesion promoter or $i@yer is used prior to the polymer coating.

Because of its importance in countless daily-usk saophisticated products, the use of thin films
on polymers is very much worth considering. To Btigate the possible use of thin films on
polymer, experiments were carried out using Polethiyl methacrylate) (PMMA). The three

main demands for this industrial product were:

* Preparation of a homogenous highly active photbgatacoating.
» The color impression should not be or only sligletiyanged by the coating.
» Highly mechanical and chemical resistance of thating as the product has normally

a long lifetime and is exposed to chemical and raeial destructive pollutants.
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To guarantee good mechanical stability of the ptettdytic surface there is first a need for
a more suitable adhesive layer. Both the moderas¢ and the solubility test show high
mechanical resistance. The sever abrasion testeverwexhibits surface scratches (Figure 59).
The influence of SiQas a basic layer directly on PMMA should inhilkietpresence of these
deformities. The plasma pretreatment can achidsetter adhesive strength via the possibility of
obtaining increased wettability due to the suffitisurface energy, and via the presence of more
free-radicals for strong bonds with the polymerface:.

Solubility test Moderate test Cheesecloth (MIL- Severe test Abrasion Tool with
CCC-C-440) Standard Eraser
(MIL-E-12397B)

Figure 59 Nomarski-microscope inspection of Microscope magnification of a 300 nm thin PMMA
substrate, coated with Process V (cold, 2 A, 30 sccm, 0.15 nm/s), before using SiO,.

A deposition process has been made with thin lage&iO, between 15 and 50 nm. Yet other
correlational experiments have shown that it issfimds to synthesize Ti{on a polymer substrate,
using sol-gel method, with surface composition am@mistry, crystal phase and size, UV
transmission and morphology similar to those of wcwmrcially available CVD glass
substrate&".

Previously defined IAD methods produce laboratolysg films in certain cases even better,
photocatalytic performance than commercially awddafilms. For as-received/unreacted films,
photocatalytic efficiency depends on surface roegbn i.e. high level of crystal size and
roughness causes higher photocatalytic efficieBtgaric acid reaction in model solutions such as
neutral, acidic and basic, alter the surface coitipas i.e. Si/Ti, Ca/Ti, and roughness and also
enhance photocatalytic efficiency of films afteracton. Photocatalytic efficiency does not

decrease with Si-rich surface layer on filths

Other research proves that the photocatalytic apérshydrophilic efficiency of TigSiO, films
depend on the content of SiQResearch shows that optimum level of photocataftivity can
be achieved by adding 10 to 20 mol % of S a thin film, and for hydrophilicity adding
approximately 30 to 40 mol % of Si@an give optimum results greatly depending orptiréicle

geometry. An increase in the Sidvel, up to 30 to 40 mol %, can decrease the tijyiaof
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absorbed organic substances. There exists a d@reletween photocatalytic efficiency and
hydrophilicity, as both augment each other and ttogrethey produce the self-cleaning effect.
SiO, increases the acidity level on substréfés

Suitable IAD methods were applied to different ptas with a focus on PMMA substrate.
Example morphological and optical results are foumithe following Figure 60.

26990

15 nm SiQ layer + 200 nm TiQ
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Cross-section picture of (S}J60 nm] TiO, Transmittance spectra, coatinng with IAD,
/TiO, [300 nm]) Process V, 300 nm. Green is for a possibility to
design the ‘apparent color’ of PMMA.

Figure 60. Morphological quality of multi-layer systems on PMMA coated via Process V (2 A,
30 sccm, 0.15 nm/s).

As is clear from Figure 60, the grain size for tii@nia added with 50 nm is larger than with a
15 nm SiQ layer. This could be due to a more compact armraegé of particle adsorption.
Covalent bonds are formed during the e-beam depof oxide film onto a polymer substrate,
and this formation can be influenced by a complerrplay between coating growth, interface
structure, defects and an internal stress statxeTik a correlation between the grain size and the

coating thickness chosen for the titanium and asilit situ-deposition process. In both of these
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cases, the deposition process was carried outaldaemperature, 50 °C to 60 °C, with an ion-

source current of 2 A and 250 V, and a depositae of 1.15 nm/s.

In terms of adhesive strength, the stability of fimas was outstanding on the surface of PMMA,
which is not an easy surface to work with when carag to mineral silica. The mechanical
stability tests were performed on the films by imsireg them in a solution of water and diluted
acetone. This also showed positive results, ascratches and abrasions were noticed on the
surfaces. The important role that hydrophilicitgyd in maintaining the self-cleaning effect of the
surface was investigated. The contact angle aftérirkhdiation decreased from 79° to 12°
(Figure 61). Not displayed in this figure is thiaetcontact angle of multilayer PMMA and $iO
does not change before and after UV exposure. fdaigposition of an exterior surface to soiling
is closely related to its contact angle with wasera material used on the outside is actually more
likely to be soiled if it is more water-repelleBecause of this, plastic is more likely to be sbile

than sheet glass or tiles.
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Figure 61. Contact angle result for PMMA samples coated via Process V (2 A, 30 sccm, 0.15 nm/s)
showing the hydrophilic efficiency of TiO,/SiO, films irradiated under 1 mW/cm?.

One major reason that the aspect of the IAD methpdtential has not yet been utilized is that it
is challenging to realize suspension and dispersiothe multilayer supported catalysts. The
acidity of the composite oxide is enhanced witl5#D, additive to the Ti@film, and thus water
molecules that would normally result in hydroxylbgps are adsorbed. It is possible that this
enhancement could be why a purely Jfln adsorbs more organic substances when sulj¢cte
air. Acidity growth is hypothesized to be the maause for the enhancement in photocatalytic
performance and hydrophilicity of these layers.sTinmprovement is significant due to the vital
nature of good hydrophilicity self-cleaning techrgiks. It has been suggested in 1974 by Tanabe
et al.”®! that a greater absorption of hydroxyl radicals bargained through increased surface

acidity. The silicon cations (such as Ti—O-Si ligaoapture and bind the hydroxyl radicals from
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surface-adsorbed @ molecules. In contrast to this, kbns from the adsorbed,& molecules
easily bind to @ ions, leading to a greater concentration of hygroadicals on the composite

surface, as opposed to a pure J@ating.

The increased hydrophilicity and photocatalyticfpenance of the TigSiO, film, as a result of
the above, are hypothesized to be a consequente dficreased surface hydroxyl groups. The
water contact angle measurement can be easilyeapmi SiQ supports. It was revealed from
previous results that these supports offer a base avhigh mechanical stability. Although no
physical degradation of the polymer support wasqieed, there is still the option to further
lessen degradation chance by UV irradiation throdlya choosing of high UV-resistant
thermoplastic substances, such as acrylic or dolyars. It is essential, due to the transfer of
heterogeneous photocatalytic oxidation processéisein attempt to find industrial applications,
that economically viable solutions to the expengpast-treatment separation are found. In
today’s world, the utility of plastics for indusdtiand non-industrial use is remarkable, which can
pave the way for its use in innumerable productse@idence of that, Figure 62 shows that,TiO
layers can be applied to plastic surfaces witheastitally affecting the overall optical quality.
While the real challenge in using this technologyptastics is maintaining a sufficient adhesive
strength of the layers, the experiments condudredigly suggest that this could be theoretically
met with success.

Transmission

450 600 750 900 1050
Wavelength / nm

Figure 62. PC & PMMA with TiO, optical characteristics for photocatalytic transparent TiO, layers
PMMA: Red: uncoated; Green: with ~300 nm TiO,. PC: Black: uncoated; Blue: with ~200 nm TiO,.

The transmission values of PMMA and PC plasticshaihd without Ti@ coating, are shown in
the graph of Figure 62. Owing to the high transimissbetween 70 to 85%, of the successful
coating plastics, the methods developed during tbgearch appear to be very suitable for

industrial optical application.
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7. Optical Properties of IAD Photocatalytic Thin Films

The aim of this chapter is to investigate in thereations between the optical quality, the
morphology and the photocatalytic performance taita thin films produced using ion assisted
deposition (IAD). To investigate this, transpar@i®, thin films were deposited with different
IAD coating parameters to analyze their structawad optical properties. The influence of the
deposition parameters on the morphological propedf the titania films was determined through
SEM and EDX analysis. The process parameters cHosehis research were (1) coating and
annealing temperatures, (2) ion-source paramedach, as oxygen flow, and (3) Ti@hin films

of different thicknesses.

7.1 Deposition and Annealing Temperature Influence

Experiments carried out using different coatingapagters have been previously discussed in

Chapter 5, explaining the following points.

a) The films coated using BAK 640 and Denton CC-10&pldiyed a photodecomposition
rate of methylene blue was greater than uncoatdostrstties and greater than

commercially available products having self-clegrability.

b) Comparisons showed that Balzers BAK 760 with DenB@+105 achieved the fastest
demineralization of methylene blue at high tempestind resulted in a near colorless
solution. This contrasts to other processes thatah&0% decrease in the concentration,

from 10pmol/l to 5umol/Il.

¢) The thin films’ thickness resulted in a relatedrease in photocatalytic efficiency, up to a
limit. Up to a thickness of 150 nm, the influencaswnegligible. However, between

200 nm and 550 nm a large increase in photocatafficiency could be gained.

7.1.1 Optical Properties of TiQOrhin Films

Optical properties of the deposited thin films, Isas the refractive indaxand the optical band
gap, can be influenced by the coating temperatine temperature during annealing, various
deposition parameters of the ion-source and theositpn rate. Results were gathered as-

deposited and after annealing to allow for compass Following parameters are fixed:
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Table 9. Fixed deposition coating parameters

Vacuum chamber Source Process
U | 0O, Neutralizer U | 0, Rate  Thickness
HV[kV] E[A] [mbar] U[V] I[A] V] [A] [sccm] | [nm/s] [nm]
8 0.35 3.10° 10 27 250 3 25 0.15 150

(a) As-deposited

The transparency of the films exhibits a sharp es® in the UV region as shown in the
transmittance spectra (Figure 63). The charactéheftransmittance spectra shows a series of
transmittance maxima and minima of different ordéssthe film characteristic changes, location
of a particular transmittance extreman(for Tmax) shifts towards longer wavelength side. The
films also show a sharp decrease of transmittamtiesi ultra-violet region which is a result of the
fundamental absorption of the ligiff *"! This interference is due to the thin film chaeaistics,

such as the thickness or the effective refractigex of the film medium.

1.0
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Figure 63. Transmission spectra for 50 °C, 150 °C and 350 °C in IAD (3 A, 25 sccm O, and different
thicknesses in the area of 150 nm). Dark violet: 50 °C. Black : 150 °C. Red: 350 °C. The cyan line
(~94%) corresponds to the uncoated side of the substrate.

The refractive index of the shifted curves can bmgared in cases where the curves have no
absorption in relation to the uncoated curve. #réhis inhomogeneity, there is more than one
layer and a refractive index of more than one. Agarison of the refractive index of the shifted
curves can only be correct if both curves havegtd Bbsorption. If there is an exact overlap with

the uncoated substrate curve, this is due to theeimce ofn.

Due to multi-reflections at the film-air and filnuisstrate interfaces, the UV-Vis spectra displayed
noticeable interference effects. Once a high r&fraandex transparent thin film achieved on

a transparent substrate of a lower refractive inthextransmission maxima are obtained when the
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film optical thickness corresponds to even mulplef the quarter-wavelength. Once these
transmission minima are gathered, the reflectioficite caused by the refractive index

divergences between substrate and titania layenarémal™’®.

From this graph it can be seen that the titanidecbthin films are transparent within the visible
and the IR range. The minima and maxima transmmssjgectra for the samples coated at
different temperatures indicate that the tempeeatmd thickness of the deposition has an
influence on the optical quality of thin films. Gaally, the transmission was increased faintly

with a rise of temperature.

For wavelength above 400 nm, the transmittancéefitms was almost constant. The decrease
below 400 nm is caused by the quartz substratebgrtitania absorptiof®®. The above figure
shows that homogeneity becomes adversely affedtexp@roximately 750 nm if the coating
temperature is raised to 350 °C. Figure 63 alsaatels the complex interdependence between
various deposition parameters and the coatingtguals at 650 nm the optimized optical quality
is achievable if the coating temperature is mamgdiat 150 °C. Using this same temperature for
550 nm, optimized results for the refractive index be gained at 2.63. At cold, 50 °C, and hot,
350 °C, temperatures, the refractive index goesndovi2.51 and 2.55, respectively.

The envelope method and experimental expre$$mvere used to analyze the Bi@ims’
refractive indices. As can be discussed, it isiptesso draw the envelopes through the maxima,
Tw, and minimal,, of the transmittance curve. The film refractindéxn; in the transparent and

weak absorption (high temperature) area was cadmifaom Equation 22:

ng = \/N + /N2 — n2 Equation 22

where

TM —Tm n ng +1
TorTon 2

N = 2ng Equation 23

ns stands for the refractive index of substrate.

In these equations, maxima and minima of the epeeion transmittance spectra are respectively
represented by, and T, refractive index of the glass ag computed with the help of the
transmittanceT, of glass by Equatiof®. The experiments showed a 90% transmittance of the

glass in the visible range.
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ng = Ti (i — 1) Equation 24
S

Figure 64 illustrates the evolution of refractivglices as a function of wavelength for Fifdm

annealed, obtained with the methods mentioned above
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Figure 64. Refractive index of TiO, film at 350 °C. At 550 nm, the value is 2.548.

The transmittance ‘extrema’ of the curve for the assisted coating contain greater differences
than the conventional e-beam evaporated coatingecér greater ion assisted coating refractive
index valuen is signified as a result of these larger diffeemdSood coating condition for coated
film was obtained for the ion-operated bombardmastsignposted by the lack of quantifiable
absorption at wavelengths for which the film is tipié half-wave in optical thickness, down to

approximately 350 nm. An absence of refractive xnidbomogeneity was inferred.
(b) After Annealing

The annealing process and its parameters can #fiecptical properties of the films. Figure 65
shows the transmission spectra for the procesemdgition at 150 °C, and annealing at 450 °C,
both after 4 hours. The use of 450 °C as the aimgepbint is not only for the layer growth of

titania according to the microstructure variatibnt also appropriate in the characterization of

titania films as useful in photocatalytical electes and other applicatioH&”.

The annealing process increases the transmissiore ¢o near that of the uncoated curve,
meaning that it can be used for optical correctibne resultant dense or compact layers also
show that there was low light shift on the maxinmngs. Using 25 sccm, a reactive O atom is

added on the crystal lattice with an atomic arrameyet correctior?.,
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Figure 65. Transmission curve showing the influence of annealing, IAD (250 nm, 3 A, 25 sccm,
150 °C). Red: As-deposited at 150 °C. Black: After annealing at 450 °C. Green: uncoated substrate.

The Figure 65 shows that transmission losses iserea to 3% between 400 and 470 nm. The
transmission maxima observed between a spectrgérah470 appears to be only 2% below the
transmission level measured for the uncoated sidbenglass. This feature shows that optical
losses in the visible range are small. It was olexbduring the experiments that the annealing
parameters above have little-to-no effect on thicalproperties of the coatings. Thus, it can be
concluded that the films deposited using the IADgess have the stability to resist a high
annealing temperature. Moreover, the annealed filidsnot show any considerable damage to

the layer.

From Figure 65 it can be calculated that the avetegnsmittance of as-deposited and annealed
TiO, film, in regard to the reference of blank glasbsdtate, is greater than 80 % in the visible
region®®. It was also shown that the slight decrease instrittance was a result of the
annealing temperature of 450 °C, which can be diegk to the light scattering effect for its
higher surface roughness. The as-deposited, Ti@s in the visible spectral region were
discovered to have an average transmittance ofeali@ % for films on glass and quartz

¢'%9 2" The annealing of TiQfilms at a higher temperature, of above 600 °@ically

substrat
results in a lower transmittance, hence the re#isainthe maximum annealing temperature used

throughout this study was generally 500 °C.

Generally, and according to the microstructureinarease in the substrate temperature during the
annealing phase leads to an increase in the refeantdex. This can itself lead to the presence of

the rutile phasg® 28 263



124

(© Band Gap Calculation with Tauc Preliminary Method

The optical transmittance spectra of both the g®sieed films and the annealed films exhibited
good transmission in the visible light range andharp decrease in the UV region, which
corresponds to the band gap. The optical absorgtaefficient o was calculated using the

formula:

T
In (m) Equation 25
= T

whereT is the transmittance of film at each wavelengtig @ is the thickness of the film. The
absorption rate reaches its minimum point at lowrgy and increases with optical energy in a
similar manner to the titanium dioxide absorptiage The transmission films shown that the
absorption coefficientz decreases rapidly when wavelength is lower tha@ 86, which
corresponds to th&, values below 3.5 eV. The band gkp was calculated using the Tauc

equatiorf?’?.

 k(hv — Ep)"
B hv

Py Equation 26

wherek is a constantyv is the photon energy (eV), and the valu& cin be %2 or 2 depending on
whether it is a direct or indirect transiti6fi?”®. The optical band gap was estimated by

extrapolating the straight line portion of thel()”

vs hv plot. Therefore, it is expected that for
values ofhw < 3.5 eV, v is near to 0, but not equal to O due to opticékrierence. The
absorption coefficient: for directly allowed transitionn = 2, can be ascribed to a function of
incident photon energy, and the optical band gap eedculated for different deposition process
parameters. The band gaps of the IAD depositedsfilonated at 60, 150, and 350 °C, are

displayed in Figure 66.

(A) Band gap for the film deposited at 50 to 60(&6-deposited).
(B) Band gap for the film deposited at 150 °C (apakited).
(C) Band gap for the film deposited at 350 °C (apasited).
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Figure 66. Band gap of different TiO, films deposited using IAD at different temperatures.

The dependence of: (w)”*against photon energy over the threshold of fundaahebsorption is

a constant. Tighas different band gap transitions: for rutile amétase the exact position of the
transition are slightly different, but there areotimdirect transitions at approximately 3.0 and
3.2 eV, while there is a direct transition at 3VZ & should be noted that all the samples had the
same thicknesses (300 nm). As seen above, thedamavas 3.24, 3.25 and 3.33 eV for films
deposited at 50, 150, and 350 °C, respectivelywsigp that the band gap increases with an
increase in the temperature and can be assoc@tbe band gap of bulk anatase T1G.2 eV).

To compare these results to those of the literatine anatase band gaps vary by as much as
0.05 eV, from 3.48 eV for glass to 3.43 eV for I'E® a substrate. This small difference can be
related to the measurement precision. There is alslifference in the band edge energy of
anatase from the bulk material with results varyiran the literature by up to 0.2 ¥/+27
Vasanthkumar et &’ suggested that the change in the optical band fagedriO, films with
annealing temperature might be the result of tlangé in film density and increase in grain size.
The observed values for IAD sample at 350 °C is©idighan the band gap of both bulk material
(3.18 eV) and thin film TiQin the anatase phase (3.23 eV). The higher banalgserved can be
associated with the crystalline nature of the filrAs inverse square relation betwekpand

grain size can be expectét’.

T[aB)z

AEg = Eg— Eg™" =, (—

Equation 27
where E;, E."" are the measured band gap energy and the exuitaiinding energy,

respectivelyag is the Bohr radius and is grain radius.

When a wavelength of 550 nm was used, the refmadtidex of the film deposited at 350 °C
corresponds to 2.41. From Mathews et?4l. it can be concluded that the refractive index is

directly proportional to the temperature. After lementation of the previously mentioned
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sample analysis, the IAD sample results follow thfadther analyses in the literature, such as the

work of Mathews et al. There is a very good cotiefawith the proportionality factor (Fig. 67).
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Figure 67. Correlation between refractive index, temperature and photocatalytic activity.

7.1.2 Morphology of IAD Optics
a. Hydrophilicity

The hydrophilic property of coating samples wasl@at@d by measuring the contact angle (CA)

of a water droplet on the films under an ambiemidamon in air atmosphere.

50 —a— CA initial / °
—eo— CA/ °after 67h UV
[
@ 40 | .\.\.
(@] T
§ \ \.
P 30 o \.
g
w— 201
& »
£ \
8 104 .
\o
\.
0 —T T

50 100 150 200 250 300 350

Deposition Temperature / C
Figure 68. Results of films coated at different temperatures. Black: CAM Initial. Red: After 67 under
uy, 1 mW/cmZ. This result is in accordance with the results discussed in Chapter 6, in which the

UV irradiation markedly changed the surface wettability under higher temperatures and high ion-
dose energy (oxygen and ion-source current).
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The entire process was carried out twice. Firstutioe initial conditions and then after 67 hours.
The results obtained from the films are given igufé 68. Depending on the surface conditions,
primarily surface roughness, a Ti@in film exhibits an initial contact angle of gtter than 20
degrees. When this surface is under to UV lighttewatarts to exhibit a decreasing CA, i.e. it
tends to disperse flatly instead of beading up. Sigerhydrophilic surface becomes wholly non-
water-repellant after UV-Illlumination for thin filmcoated at higher than 200 °C. This behavior
was expected due to the energy introduced by UM, lighich was able to break the surface Ti-O-
Ti under atmospheric moisture and create an enkafmenation of surface Ti-OH groups
responsible for the better wetting. The above-nomtil experiments and analysis lead to the
conclusion that the linear trend in the declinghaf contact angle also shows that it is inversely
proportionate to the deposition temperature. Initamid to these two factors, high process
temperature results in a rough morphology of thdase, which in-turn increases the self-
cleaning property. A morphological study via SEMaéstigation was carried out in an attempt to

gain further clarification.
b. SEM Microstructure and Size Particle Determinatbn

To complement the morphological study in 7.1.2, ifierostructure was also investigated using
SEM. The SEM images of the films coated at a cefdperature, 50 °C to 60 °C, and at 350 °C
are shown as-deposited and after annealing inithed-69. Additionally, an average particle size
was calculated from the different values obtaimedach image.

17.50'vm 25.94nm

20:01 am = : 2 . 38.15 nm

£ 26.88 nm
23.88 nm..”

16.57° am

| QuantaFEG 0000 x |2
cold (as deposited) cold (annealed)
Av. Particle Size: 28.21 nm Av. Particle Size: 18.99 nm

Figure 69 (a). Examples of SEM micrographs of TiO, films, both as-deposited and after annealing.
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Figure 69 (b). Examples of SEM micrographs of TiO, films, both as-deposited and after annealing.

As shown in Figure 69 (a,b), annealing at 350 °C20 hours increases the particle size. The
surface was found to have homogeneity for all thdigles, except in cases of films produced
after annealing, in which very small cracks appegasmdomly on the surface. This cracking was
due to the stress of irregular thermal expansiaterfacial roughening, and voids formed during
high-temperature annealing. After a series of dérpnts regarding Ti@layer stability post-
annealing, for example those published by LappsciieLZH?"®, higher annealing, layer
cracking (identical to those in Figure 69b, rigatld morphological deformations were observed
for the samples annealed over a long period (forentikan 10 hours) and / or if the annealing
temperature is greater than 450 °C. To add to ¢search, annealing time was set to a short

duration, for example 4 hours, and the temperatepe at 450 °C.
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Figure 70. Growth of grain size values, depending of the deposition temperature and annealing
temperature.
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From the SEM micro-graphical analysis, the averzayticle size was obtained from each sample
with or without annealing and at cold and hot terapees. It is apparent from both the SEM and
the particle size obtained from these picturesdhain size increases with the coating temperature
and the annealing temperature. There are undefiaditlies on the surface of the films deposited
at cold temperature. The biggest particle size al@erved on the films coated at 350 °C after
annealing. The thin films appear to be formed ojéa aggregates of granulates, rather than being

morphologically smooth.

Optical analysis shows that the transmittance featdi the films increases with the increase in
deposition temperature. This increase is due tameed structural homogeneity and the decrease
of crystal defect¥?. In the case of ion assisted deposition, the filnepared were shown to have
a very high refractive index (a value of 2.75 a0 %Bn was calculated for a sample coated via
IAD with Process V, at 350 °C, 4 A and 30 sccm).eWlsompared with common PVD, the atoms
deposited on the substrate can get more energy foombombardment in the ion assisted
deposition, which consequently benefits in the fation of more compact structures, uniform
layers, and a higher refractive index. The opticahd gap increases with the increase in the

deposition temperature. The quality of the optiid gap correlates to the grain size.

The higher particle size caused by the annealimpéeature can be explained as follows: if the
temperature is increased, the agglomeration ofptiréicles also increases, therefore roughness
increases. Higher surface roughness leads to @&migke constant, thus the free surface area for
adsorption of molecules is higher. On a rough serféahe drops of water expand between the
particles and thus facilitate formation of a hydritip surface. Films deposited on a cold substrate
show a smoother surface and can therefore have mahephobic properties than the films

deposited on a hot substrate.

7.2  Oxygen Flow Influence

The experimental set-up used to carry out varyiggen flow levels has been discussed in detail
in Chapter 3, detailing that the oxygen flow in theperiments was varied between 21 and
30 sccm. The results of the experiments done wydtue effect of the reactive oxygen flow on

the layer properties annealed at 450 °C on as-itedasamples. Following parameters are fixed.

Table 10. Fixed deposition coating parameters

Vacuum chamber Source Process
U | O, Heater Neutralizer U | Rate Thickness
HV[kV] E[A] [mbar] [°C] U[V] I[A] V] [A] [nm/s] [nm]
8 0.35 3.10* 350/NO 10 27 250 3 0.15 150
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7.2.1 Optical Properties of the Tirhin Films
(@) As-Deposited

The influence on transmission properties of thadildeposited at 350 °C with different flows of

oxygen is shown in the Figure 71.
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Figure 71. Example of oxygen flow influence on the optical properties. Left: Transmission spectra
for deposition with different oxygen flows (T=350 °C). Red: 21 sccm. Blue: 25 sccm. Black:
30 sccm. Green: uncoated substrate. Right: Refractive indices at 550 nm for the films coated with
varying oxygen flows (T=350°C). To gain ion-source stability, O, flow was increased. Coating
parameters used were 2.5 A, U =200 V.

From these figures it can be seen that the coatlnge with 21, 25 and 30 sccm showed a high

transparency within the visible and IR range.

The transmission spectra obtained for the thregEmmvas almost identical, which indicates that
the oxygen flow has either little-to-no impact dre toptical quality of the films. Due to the
changeable rate of the deposition process and fal#srs, films deposited at 350 °C with an
oxygen flow of 25 sccm adversely affect homogendity refractive indices obtained for the
films deposited at 350 °C with 21, 25 and 30 sccwggen flow were 2.64, 2.57 and 2.51

respectively.

Figure 71 (left) shows a gradual and linear deeréashe refractive index with an increase in the
oxygen flow, and in cases of films coated usingdblel process, it was observed that there was
no change in optical quality when different oxydkmws were used. The transmission spectra of

the deposition done at cold temperature with vargixygen flows are displayed in Figure 72.
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Figure 72. Example of oxygen flow influence on the optical properties at cold temperature. Blue:
30 sccm, red 25 sccm and black: 21 sccm. Green: uncoated substrate. Left: Transmission spectra for
deposition with different oxygen flows (T=50 °C). Right: Refractive indices at 550 nm for the films
coated with varying oxygen flows T=50 °C.

The refractive indices of films deposited with atygen flow between 25 and 30 sccm at 50 °C
remained constant, as opposed to the refractiveeeadobtained at 350 °C. Generally, high
refractive indices of oxide layers can be obtaitgdapplying high kinetic energy using an
increased oxygen flow through the IAD process w@th-105%*%, When estimating the surface
area of the films coated on a hot substrate, #sslted in a decrease of the surface area due to th
smoother surface of the nodules, which should beertttan compensated for by increasing the
initial surface area. This issue is referred taragaChapter 6 when discussing the density of the

thin films as estimated from the refractive index.
(b) After Annealing

The films deposited using different oxygen flowsravéhen subjected to annealing at 450 °C for
4 hours. As per the results shown in Figure 73 .fithes prepared using different oxygen flows

did not show very different results in terms ohsmission spectra. Differences in the spectra of
the annealed films were only noticeable at the ménibetween 420 and 520 nm, and also at the

maxima, above 710 nm.
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Figure 73. Transmission of IAD deposition using different oxygen flows after annealing. Pink:
21 sccm. Blue: 21 sccm annealing. Green: 30 sccm. Black: 30 sccm annealing. Orange: uncoated
substrate.

In the visible region, the optical property of apdsited TiQ films is high and an obvious
absorption edge is observed at around 370 nm. Adsdhe visible region, the average
transmittance of a TiQfilm under different process parameters genetaiyner than 70%7°

The absorption edge for the resulting films slighshifts toward longer wavelengths. The

influence of the reactive oxygen on the transmrsgdhe cause of this shift to lower than 4 %.
(C) Band Gap Calculation

The optical band gap of films was calculated onldasis of Equation 25 (mentioned in 7.1.1.c).
The following graphs show the results of thesewatmons, with Tauc extrapolation, on thin films
as- deposited at 350 °C under different levelsxgfen flow. (See Figure 74)
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Figure 74. Band gap for IAD coated TiO, films using different oxygen flow values. The
measurement precision was -2 %.
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With oxygen flows for 21, 25 and 30 sccm of oxydjenv, the band gap was 3.27, 3.33 and 3.34,
respectively. Thus, band gap increases with a hifiim of oxygen during deposition process. In
comparison with the processes carried out at heghperature, Figure 74 shows also band gap
calculation of films deposited at a cold tempemt&0 to 60 °C, with varying oxygen flow. The
band gap of Ti@films on glass substrates varies depending ompttheess of deposition and the
parameters used. The films prepared at levels legt@é& to 30 sccm show a transparency in the
long wavelength range. If the flow of oxygen is kbptween 25 to 30 sccm, the band gaps would
fall to the range of 3.24 to 3.14. Existing reshasbows that this is due to the film’s thermal
stress¥. Films processed at cold temperatures of arourtC5how that the band gap values are

less than those for anatase, at 3.2 e.V.

7.2.2 Morphology of IAD Optics

The hydrophilic property of the coating samples waisulated by measuring the contact angle in
exactly the same manner as mentioned in 7.1.2midesurements were obtained using the initial

conditions and after 67 hours of UV light. The fesabtained from the films are as Figure 75:
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Figure 75. Contact angle results measured before and after 67 hours of UV irradiation. Left: Coated
at 350 °C with different oxygen flows. Right: Coated with 30 sccm oxygen flow and annealed at
400 °C at different times.

Depending on the IAD oxygen assistance, thin fikhilits an initial contact angle of greater than
30 degrees (Figure 75 right). When this surfacender to UV light, water starts to exhibit
a decreasing CA, i.e. it tends to disperse flatbtead of beading up, except for 30 sccm. For that,
the Figure 75 (left) exhibits the CA for thin filkept at 30 sccm, but with different annealing
time kept at 400 °C. Once exposed to UV irradigtithe films become super-hydrophilic as a

result of the effect of the temperature and thegexy

The superhydrophilic surface becomes wholly norewegpellant after UV-lllumination for thin

films coated at lower than 30 sccm and annealethfoe than 8 hours at 400 °C.
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It can be concluded that the films coated underath@ve-mentioned parameters exhibit a very
high transparency and refractive index. The refracindex for the films deposited at 350 °C
increased when the flow of oxygen was decreased. ldnd gap has a correlation with the

oxygen flow and all the films become super-hydrbplfter UV light.

7.3 Thickness Influence

To study the effect of different thicknesses on filves™ properties, the following parameters

were fixed:

Table 11. Fixed deposition coating parameters

Vacuum chamber Source Process
U | 0O, Heater Neutralizer U | O, Rate
HV[kV] E[A] [mbar] [°C] U[V] I[A] V] [A] [sccm] © [nm/s]
8 0.35 3.10* 350 10 27 250 3 25 0.15

As mentioned in the chaptéxperimental Set-UB.1.6.3, and Table 11, the samples used in the
experiments varied in thickness ranging betweenritBGand 900 nm using the fixed deposition

rate, i.e. 0.15 nm/s.

The samples were annealed under different conditifor example, the first group was first
annealed at 450 °C for 4 hours and later re-andexlé¢00 °C for 7.5 hours.

The second group of samples was annealed at a kewgrerature of 250 °C for 8 hours. The
transmission spectra of films varies dependinghair tthickness, which is described in detail in

the below subheadings.
(@) As-Deposited

The difference in the transmission spectra forfilnes deposited with different thickness, 150,
300, 500, 700, and 900 nm, is shown in Figure 76:
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Figure 76. Range of the transmission spectra as-deposited films with varying thicknesses. Black:

Programmed titania design layer. Red: the obtained IAD film.

In Figure 76, the coatings are transparent withim tisible and IR range, independent of the

It is important to notibat the experimental and simulated data are in a

thickness of the coating.

very good agreement. Concerning the process dawelafy the design curve allows a detailed
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analysis of inhomogeneities and optical propertiesing the growing layer via different

thicknesses. The transmission spectra obtainediffieeent and characteristic for each thickness.
Figure 76 shows the range of the transmission sp&om 350 to 900 nm. The light transmission
at different wavelengths varies with thicknessimhg. The refractive indices calculated for 150,
300, 500, 700, and 900 nm thickness were 2.57, 2.57, 2.56, and 2.55 respectively, thus it can
be concluded that the refractive index remains rootless constant with the varying thickness of

films.

To close, good optical characteristics were seem fthose layers coated with oxygen ion current
densities up to near their critical values. A %alliC-105 optic operation is demanded. This
relates not only to the possibility to apply cothewarious coating parameters but also on the
progressive stability. As total layer thicknessreases, the optical absorption of the coatings
increased. Moreover, no long-term drift of the abhes ion energy distribution and ion current
density distribution characteristics must be detglet This could be caused for example by

progressive electrode consumption or contaminaftects during the process.
(b) After Annealing

The following graphs in Figure 77 show that anmeplilone at 450 °C for 4 hours effects light

transmission considerably.

Transmittance

0.0
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Figure 77. Range of the transmission spectra for coatings with different thicknesses. Blue: 300 nm;
red: 500 nm; black: 900 nm. Green: uncoated substrate.

It can be observed that when annealed under thditemrs described above, there is negligible
impact on the transmission spectra of the filmsictvitan be observed from no optical losses to
the uncoated curve (dark line). The optical quaiityhe films remains the same after annealing at
450 °C for 4 hours. The above graphs show tranapgref the film thickness, between 350 nm

and 900 nm at the as-deposited stage, both afterating at 450 °C for 4 hours and re-annealing
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at 400 °C for 8 hours. The three films showed amoat identical transmission spectrum which
leads to the conclusion that the annealing proéesayried out in the manner described above,
does not considerably affect the optical qualitytof films. Other conditions of annealing were
tried on the substrates coated with different thédses. To observe the possible effects that
different annealing temperatures may have on dpfcaperties and photoactivity, different
samples were annealed at high temperatures, sufd0£E, and at a relatively lower temperature
of 250 °C for 8 hours. The optical transmittancéad@vealed good transmission in the visible
region of the as-deposited and annealed films asitbgp fall in the UV region, which relates to
the band gap. It can be clearly observed in Fig@réhat the optical quality of the annealed films

is lower than the as-deposited films of the sanukiiess.
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Figure 78. Transmission spectra of a film with 700 nm thickness. Pink: 700 nm as-deposited
(n@550: 2.56). Black: 700 nm anneal (n@550: 2.57).

Figure 78 indicates that there is a change in thteca properties of the films after annealing
when under the same conditions. A comparison wadentgetween the different experiments
using different substrates, such as Suprasil feras-deposited films and Menzel for annealed

films.
(c) Band Gap Calculation

The optical band gap of the films was measuredgu$auc equations, previously mentioned in
7.1.1 (c), and the graphs with extrapolation olgdifor the as-deposited films of different

thicknesses are shown in Figure 79. The band gapslated for 150, 300, 500, 700, and 900 nm
were 3.33, 3.32, 3.30, 3.29, and 3.26 eV respdygtias can be seen in Figure 79. (Band gap
graphs are illustrated Figure Appendix VIII.
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Figure 79. Band gap for TiO, films coated with different thickness. With an increase in thickness,
absorption increases and band gap decreases, showing a trend similar to that of Figure 76.

The magnitude of the absorption band gap of,Tiiln deposited can be determined by
representing A(h)? (A, absorption coefficient from the UV-Vis spedtragainst h and
extrapolating to zero the straight zone of the.gtobm Figure 79 it can be observed that the band

gap energy of each sample decreases (only slightigh deposition thickness increases.

Additionally, the comparison of photo-induced hyahdic activity of TiO, thin films with the
different thicknesses was shown in Figure Appendix the initial water contact angle was
approximately 40°. After the film surface was inatdd by UV light, the water contact angle
decreases. All samples had low water contact afgibout 5° after illumination, which indicated
good photo-induced hydrophilicity of these filmsméng the thin films, the superhydrophilic
activity was achieved from the films thickness 60Jand 900 nm corresponding to layer structure

dependence.

7.4 Correlation between Refractive Indices at 500l 1064 nm and

the Different Coating Parameters

In order to measure the refractive index, differsaiples were investigated by coating under

varied parameters, namely ion-source current, mgadéimperature and coating thickness.

When using an IAD process, the dense microstructayar minimizing the water content of the

titania films leads to an improved thermal stayilit

The physical dependence of the refractive indexhentemperature or the thermal expansion of
the layers causes the small positive shift of thieactive index. These are not detectable in

conventional coatings prepared by the inductioramfundesirable shift by water desorption.
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Figure 80 illustrates the evolution of the refreetindices at 500 and 1064 nm as a function of
ion-current dependence; reactive oxygen gas usedight and low deposition temperatures,

substrate heating during the coating process, laokiness.

These experiments show that when the ion-sourceertiuis increased from 1 to 5 A, the
refractive index increases slightly until 3 A, &06nm wavelength, yet when further increased to
5 A, the refractive index starts increasing consitlly. The results remained the same even with

the refractive index at a wavelength of 1064 nm.

A compaction of the layer is induced by ion bombaedt, which improves the densification and
the intra-columnar structures remain. This leadwater absorption and produces an increase in

the refractive index.
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Figure 80. Dependence of the refractive index of the coating parameters at different wavelengths
(Black: 500 nm. Blue: 1064 nm).

Above this point, the film is stable and indiffeteto its environment. These changes were
anticipated not only in the layer density and te&active index, but also in the crystalline

structure, displaying a high transparency. ;Tfillns deposited at a high ion dose have a higher
transparency resulting in the photocatalytic filmvimg the best optical property. The use of

overhanging atoms casts a favorable light on thecttral model. The process temperature also



140

has an effect on the refractive index of photogéitahctive films, as the index increases with an
increase in the temperature, and reaches its maxiatt250 °C. This result can be attributed to
the formation of thin films with high refractivedex, which conforms to the research of Yoshida
et al.?®. Although the transmittance of as-deposited,Tiltns is fairly good, its refractive index
at 500 nm is low and some absorption has beendibeAfter being heated, the refractive index
of the TiQ film at 500 nm increases. When the annealing teatpee is high (up to 450 °C), the
transmittance (shown in Chapter 7) deterioratesvigloFor the thin film’'s thickness, no
considerable proportionality to the refractive irde found, since an increase in thickness from

100 to 700 nm decreases only very slightly thexnde

7.5 Scattering Tests Correlating to IAD Parameters

The quality of optical components after coating dsn investigated by means of the light
scattering analysis. In particular, the state dfacliness and the roughness of an optical
surface?®?% can be evaluated with the help of the Total Sdatie(TS) measurement.
According to the international standard ISO 136B8,is the integration of the scattered light in
the angle range from 2° to 85° in the frontal hginese of the investigated specimen. TS is
calibrated as the ratio of the scattered powedi¥tded by the incident power,PThus, TS is
dimensionless. fFis measured by using a calibration sample which dsffuser with an exactly
known reflectance at the investigated wavelengtie $catter characteristic of the calibration
sample has to be Lambertian (cosine-scatter disioiy). Because of the low level of the scatter

losses, TS is expressed in terms of ppm (0.00q201s per million).

The scatter loss depends on the roughness andapedectivity of the sample. The relationship
between the scattering in backward direction amdrtiughness of the opaque surfaces can be

expressed as:

. 2
A G) Equation 28

TS=R(A)'< A

where/ corresponds to the test wavelength. For the cationl of RMS-roughnesg of a sample,

its spectral reflectivityR has to be exactly known. The TS results presentéus work are used
only to indicate the evaluation of the surface ijyand not for the exact determinationafFor

the evaluation of the TS results presented inttiesis, mappings (& = 22 mm) are performed in
the center of the samples. The “optimized meanejadfithe TS direction is calculated according
to the corresponding data evaluation procedur8@ 13696. The distance between two points on

the mappings amounts to 25 um and the measureraentdone at wavelengths of 633 nm or



7.0PTICALPROPERTIES OFAD PHOTOCATALYTICTHIN FILMS 141

532 nm. Figure 81 shows an example of a scatteniag for a coated sample. The detection limit
(background) of the involved TS-set-up amounts tb om and thus, smooth samples with
a RMS-roughness in the range down to 1 Angstronbesinvestigatef*>. The realized set-up at

LZH allows for a fast mapping of the samples irw& finutes.

Mean: 0.356

Standard deviation (std): 1.85

Optimized mean: 181 ppm

Number of data points: 605.000

Optimized standard deviation: 37.2 ppm

Used number of data points: 556.000. Iterations: 9

Figure 81. TS map at 633 nm coated single layer and the calculated statistical parameters (Table
Appendix 2). Mean is the average of all measurement points (raw data). The mean value Sm is
sensitive against fluctuations. Therefore, the optimized mean value is calculated by removing the
points with a very high (5>Sm + 2std) level of scattering. The procedure of data reduction is
iterated 9 times.

() Fast Scattering Test for the lon-Source Paramets Dependence

In order to evaluate the influence on the Denton U35 parameters by the coating, scattering
maps of the samples were investigated to monieffect of the ion-source current and oxygen

flow. The results of these tests are depicted gure 82.
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Figure 82. Results of scattering test on different ion-source parameters. (Left) lon-source current
comparison with 30 sccm O,. (Right) Oxygen comparison at low temperature at 100 °C, using 1 A
(dark) and 5 A (blue) , at ~ 300 nm.
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In the left graph, the increase of the ion-sourggent causes the increase of the scattering. It
indicates that the ion kinetic energy has an effmttthe surface morphology and on the
production of agglomerates of crystallites. Scattpincreases considerably if the ion-source is
operated with a high discharge current such asat B A. A small variation can be observed
when the ion-source is operated with oxygen asdhetive gas. An improvement (from 450 ppm
to 200 ppm) of the scatter level is observable tua high level of oxygen assistance. The ion
energy distribution and the ion current densityenawm affect on the surface morphology and the

production of agglomerates of crystallites.
(b) Fast Scattering Test for Thickness and Temperate Dependence

In Figure 83 the measured scatter losses of al&y@r series are illustrated. The thickness of a
single layer varies from 100 to 700 nm. An increakéhe scatter level can be observed when
layer thickness increases. The change of the samm#lectance is about 4%. However, the
scattering of the layers increases from 250 ppm300 ppm. This is an indication that the

roughness of the layers increases strongly witin thigkness.
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Figure 83. Influence of the deposition thickness on the optimized mean values.

The roughness of the single layer correlates slyottgthe surface roughness of the substrate
(before coatingl?®®. Therefore, fused silica samples (Suprasil) witRMS-roughness of about
1.47 nm (Figure 50) are used. In order to invettigiae effect of the sample, AFM-profilometry
tests of coated and uncoated substrates are pedoithe corresponding AFM images reveal that

pronounced agglomerates of crystallites in therlaye the cause of the roughness effect.

A test series is performed in order to verify tffe of the temperature on the coating roughness

on Suprasil samples. The thickness of the layessegaal in all samples (300 nm £15 nm). The
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results are shown in Figure 84. They are in comalile agreement with the measured sample

scattering, that the change of the reflectivitpds considerable.
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Figure 84. Accordance between the scattering result and the roughness of the single TiO, layer by
different coating temperature, at ~ 300 nm.

It can be concluded that there is a linear colimiabetween the scattering values and the coating
temperatures. Adjusting the ion-source parametees tot have greatly influence the scattering
level. The results obtained from the experiments ba used to understand the correlation
between the morphology, optical characteristics] #rwe photocatalytic activity based on an
optimized coating matrix. Total Scattering measweets, according to the 1SO 13696 standard,
can be involved for a precise and fast testing gutace for the determination of the surface

roughness qualit§” %!

7.6 Chapter Conclusions

To summarize the above headings, the coating texyer oxygen flow, and film thickness were
varied in the experiments conducted to assess ifumadtproperties of Ti@ films using the
optimized IAD process (VI). These parameters weeddwn as-deposited and annealed films. To
evaluate the processes and correlation among eliffgrarameters, three different methods were
used, namely spectrophotometry, SEM, and EDX. Tmpare the hydrophilicity of different
samples water, CAM was used. During the experimetitsilms prepared using these different
process parameters showed a high transparencyigimdefractive index. The films also showed
superhydrophilic properties under UV light and beeahydrophobic after being stored in the
dark. An increase in process temperature and angdaimperature improves hydrophilicity and
structural and optical properties of transparetlihdi The most suitable results in terms of

hydrophilicity were observed in cases of films eshat a process temperature of 350 °C. The
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films processed under these conditions have thgedarparticle size, most roughness, and the

highest hydrophilic properties.

The annealing of TiQfilms at a higher temperature of above 600 °Cdalby results in a lower
transmittance. Therefore, the motive that the marimannealing temperature operated during

this study was generally 500 °C. The refractiveeints proportional to the substrate temperature.

Additionally, the refractive index for the films plesited at 350 °C increased when the flow of

oxygen was decreased.

The transmission spectrum of films differs depegdim their thickness, If the thickness of the
films is increased the particle size increases.r€hactive index rests more-or-less constant with

the changing thickness of films.

Finally, the surface turns into a highly hydrophitate and remains unchanged for up to one
week. It can therefore be expected that varioussgi@oducts, i.e. mirrors and eyeglasses, can use
this technology to gain anti-fogging functions. Alith simple processing and alow cost. The
TiO, films prepared via PVD display low packing densggulting in low refractive index values
and a high sensitivity to the environmé&ft. It is for this reason that ion-activated techiids
have been developed. One of which being ion assisposition (IAD) which is largely used due

to its good acclimatization to the coating chami¥éts ™!
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8. Correlation between Photocatalytic Activity, Crystal
Microstructure and Morphology of IAD Transparent Titania Thin
Films

Whereas previous chapters have analyzed the vatitanga layer functionalities over different
processes, discussed here is the correlation bettliese functionalities on the basis of the drawn
conclusions. Previously considered were generalieturegarding PVD inclusive comparison

with conventional and ion beam sputtering and opinecesses, summarized as follows:

» As previously mentioned in Chapter 6, the photdgataactivity may also simply be
connected to roughness. When a thin film has batbnapletely dense structure and a flat
surface, the active surface area is equal to tbengwical area of the substrate. A rough

surface, on the other hand, will have a larger &rea

» Varying levels of thickness result in differentrismission spectra. However, annealing
does not make a considerable difference on trasgmispectra and the refractive index
of films is affected by the temperature used. Thedbgap also increases with a higher

flow of oxygen during the IAD deposition at 350 °C.

» All the films used in the experiments exhibited esupydrophilic properties after being

exposed to UV light.

» The SEM results show a direct correlation betwden gize of the agglomerate, the
coating thickness, and the annealing effect. Angage in the coating thickness increases
the size of particle. The same can be achievedhdyaihnealing procedure, which results
in an anatase structure. An increase in the sizhefparticle also increases the active
surface area, which then improves the affixing bf-@dicals and consequently, the level

of photoactivity ameliorates.

Striking a compromise between a sufficiently higptieal quality and a ‘multi-functional
structure’ gives the appropriate optimization ranfehe coating processes. With a sufficiently
high optical quality, it is possible to produce ende transparent structure, which is needed to
provide good photocatalytic characteristics. Gdher#f a thin film has a completely dense
structure and a flat surface, the active surfaea & equal to the geometrical area of the substrat

A rough surface, on the other hand, will have gdaiarea.
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Chapter 8 here discusses a final correlation aaatimal phase for important IAD parameters.
Crystallinity, photoactivity, self-cleaning, and drgphilicity are some of the functionalities

analyzed, and thus the correlation between thesettte subject matter of this chapter.

Owing to this, reaching a balance between an dpticaracteristic, such as, the change of the
refractive index with wavelength (dispersion) ahd stability of the monolayers is a fundamental
issue to the microstructure and functional propertorrelation section of this research, along

with the understanding of hydrophilicity, photodgtie performance and microstructure, use has.

8.1 Correlation between Grain Size, Photonic Effieancy and

Hydrophilicity with lon-Source Current as a Variabl e

The ion-source Denton CC-105 was operated with c@nsoxygen using a standard 0.64 nm
diameter tungsten wire as the filament lit under@amnsource discharge current between 1 and
5A. The typical operation parameters are that xygen flow, temperature, coating rate,
thickness and ion-source gas flow. With the aimnfilencing of the discharge current, all of
these parameters were kept at a constant, witlexbeption of the ion-source current. With the
aim of managing the stability of the ion energytritisition and understanding the correlation of
the ion-source current with the morphology and thetocatalytic performance, the ion-source
voltage was kept constant at 200 V. To technicalliain this constant rate, the CC-105
neutralizer was adjusted to stabilize the ion-sewoltage, and the neutralizer potential was

altered according to the goal process parameter.

Ehlers et al®*” demonstrated by RFA measurements, that the lomg &ability of the ion
energy distribution and ion current density is Ngtamportant for the production of both complex
and stable optical results, involving homogenotania films. The measurement conditions for
BAK 760 assisted with Denton CC-105 have alreadgnbénvestigatef* 2% The RFA
measurement shows how optical conditions in tHin feach stability. At that point, the stability
of this ion- source is related to the dischargeenirand voltage, the filament current and voltage

and the flow of oxygen as a reactive gas.

One purpose of the ion-source is the formationoofsifrom the sampled gas molecules and
atoms, which is done through electron impact, \&itbther purpose being to focus and accelerate
these ions. The detector is responsible for theeiwrent collection and measuring, and is usually
based on a RFA ion collector. The majority of daiecare provided to amplify the ion current. A
methodical analysis is shown from the resulting@oergy distributions: Increasing the discharge
current from 1 to 5 A alters the peak positions thoe ion energy distributions to gain better

kinetic energies, which corresponds to a higherciament density. Also in the RFA study, it was
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shown that a quadratic fit is a good approximatiad proved the reliance of the ion-source total

energy as a function of discharge current.

1 m —

I=3 A, Av: 64.75 nm

mag O | HV [det| WD |Gt [ ——— 1y —
(100000 % | 20.00 KVIETD [21.3 mm| 45 © | Laser Zentrum Hannover

Figure 85. Results of the scanning electron microscope photographs. The ion-source current is
varied, yet the oxygenation, layer thickness, coating rate and coating temperature are kept
constant. Bottom-most picture: a representative cross-section of an IAD Process (I= 5 A, 300 nm,
30 sccm). Legend: (*) Av: average value. mag: magnification; HV: high voltage; det: detector; ETD:
secondary electron ‘Everhart-Thornley Detector’; WD: working distance, tilt: angle sample to axe.
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The grain size of the TiChin films was determined with the support of SEMvhich different

and randomly chosen regions of the coated sampkr® wxamined. The grain size was
determined by taking the average sizes of thesmieeal samples. These sizes are chosen with a
representative methodology for the examined monaichl area. The four images shown as
Figure 85 show the grain size of the samples coagéty varying ion-source currents, 1.5, 2, 3
and 5 A.

SEM showed that a Tidilm is composed of 30 - 80 nm grains and increasgroportion to the

ion-current, which is evident in Figure 86.
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Figure 86. Correlation between grain size of the monolayer TiO, and the ion-source current.

The films exhibited, from a top-side view, a unifostructure of the column and granular surface
with a fine grain for low ion current values of JaBd 2 A, as compared to higher levels of 3 and
5 A which show a large grain size. This changeha grain size appears to be due to the
enhancement of the crystallization. Films prepavéd a high ion-current level possess a strong
adhesion to the substrate, and the crystallinitthefsamples coated using 30 sccm is shown in

the following Figure 87:
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Figure 87. XRD pattern of the prepared TiO, thin films with a variation of ion-source current at 1.5
Aandat5A.

For the sample prepared at 1.5 A, an almost exalysanatase modification is found. A slight
shoulder at a2angle (101) of about 26° is visible, but cannotaltteibuted to the rutile (110)
reflection usually situated at 27.45%.2Interestingly, the photonic efficiency is sigondntly
decreased to 0.045%. Additionally, XRD study shawsncrease in the ion-current to a value of
5 A, which is the maximum level possible with therffon CC-105 ion-source providing a stable
energy distribution. The higher ion current of Jrovides well crystallized films. The preferred
orientation of the anatase crystallites is (101)e Tcolumnar structure of the (101) preferred
orientation TiQ prepared by IAD was similar with that producedngsthe sputtering in a
previous study** 2%l Obviously, all the other anatase reflectionsveeakened, which can be in
accordance with the preferred columnar growth shimwie SEM cross section image. A good
degree of crystallinity leads to a quite high pimitoefficiency of 0.077%. Possibly, the mixed
phase composition of rutile and anatase foundialtiee prominent titania photocatalyst Degussa

P25has a positive effect on the photocatalytic actiais well™ 7.

Raman bands at 141, 393, 514, and 636 ¢Rigure 88) are designated to the anatase phase.
Those displayed at 320 &mand 450 cm correspond to the rutile phase. In all of the edat

samples, the dominant titania phase is anatase.
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Figure 88. Raman spectra of TiO, at various ion-current (minima 1.5 A, and maxima 5 A).

As has already been noted before, the ion enemggases with an increase in the ion-source
current, from 1 to 5 A. This results in an incre@asé¢he ion dose and therefore a denser layer.
Additionally, when the energy is high, i.e. 5 A ioarrent discharge, the distribution of crystal
atoms can change with the formation of the rutilage parallel to the anatase. The SEM pictures
also show that there was columnar growth, whichdde&# an enhanced photocatalytic

performance.

In order to clarify the effects of ion bombardmemt film growth, a microstructure study was
conducted. This study demonstrated that the filnidainoed at a high ion-current are
polycrystalline, consisting of anatase and rutifege. These same conditions also improve the
rough surface and a columnar cross-sectional sieicRough surfaces are determined using the

SEM images and have a high discharge current (hihhae 3 A).

In order to clean the substrates, ion bombardedendto film deposition was conducted (Figure
89). lon bombardment during film deposition prodiicene or more advantageous effects,
including sputtering of loosely-bonded film matérig@esorption of gases, low-energy ion
implantation, modification of a large number ofnfilproperties and conformal coverage of

contoured surface.

The source material is not required to be derivedhfa target as it can also originate from an

evaporation source that reacts to the condensesticemts to form compounds.
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Figure 89. Explanation of the influence on the atomic adsorption of ion-source bombardment.

The basis of the surface treatment proceduresaisstbme chemical reactions are hastened at
a given temperature in the presence of energetictive-ion bombardment plasma oxidation,
which is basic for the ‘overhanging atom’. The ratwill be essentially identical for the
bombardment of a surface with an ion or an atorthefsame energy; e-beam PVD relies on the
transfer of physical momentum and kinetic energynfthe incident particle to the surface atoms,
which is independent of the particle’s charge. by are the same parameters known, but they
are for the most part controllable. Together witbvously mentioned proper e-beam techniques,

this makes the process useful during the earlyestagfilm growth for bombardment.

The ion bombardment persuaded not only the contensaf the adsorbed atoms, but also
a growth of the crystal from an anatase crystalphase to an anatase-rutile mixture using the
same oxygen-atom flux of 30 sccm. This variation tbe microstructure affects also the

photocatalytic performance.

In addition, the roughness can have a significaffiénce on the heterogeneous catalysis process.
Adsorption of molecules is typically related onpsteand edges to rough titania surfaces.
Roughness enhances hydrophilicity and affects tledtawility, meaning that the layer is
consequently more photoactive. As a result of #ngd aggregates formed by the interconnected
TiO, particles, the Ti@ surfaces show important roughness, depending onstia@ sort,

preparation method and fractal dimension rangedBapters 6 and 7).
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Section Analysis

L: 1.738 pm,
RMS: 5.247 nm,
Rmax: 18. 299,

Rz: 14.56 nm,

Radius: 3.507 mm

Section Analysis

L: 2.266 um,
RMS: 7.543 nm,,
Rmax: 44.627,
Rz: 30.866 nm,
Radius: 1.486 um

Figure 90. AFM investigation of coated titania thin layers with different process parameters. Top:
witout IAD, Bottom: the crystallite size is larger for TiO, films deposited with Process V, CC-105, at
high discharge current.

This may be one more reason for the improvemetitdérphotocatalytic activity of TigXilms, as

a larger size results in more active sites beirgjlaivie for photodegradation. There is usually no
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direct correlation between the surface and theviactof the individual sites. It is also known
from AFM pictures, Figure 90, that the crystalliiee is larger for Ti@films deposited with CC-
105, at high current values. As the ion-beam ciineimcreased from 1 A to 5 A, the crystal's
grain size increases and becomes rougher, leadin@gnt increase in the photocatalytic
performance of the Tig¥ilms. A current of 1 A corresponds to a root megmareRMSequal to
5.247 nm, with an average maximum height (Rz) etiuéb nm. At 5 A, the values are 7.543 nm
for RMSand 31 nm for Rz. ThEMSvalues RMSbeing the standard deviation of the Z values, Z
being the total height range analyzed) for botmdgilshow that the TiOfilms present surface

characteristics of greater size when compared katited IAD films.

To accomplish suitable conditions for high crystély, a columnar growth observed via SEM, a
good crystal orientation, a rough surface and heghenergy dose (via high temperature upper

than 250 °C and via discharge current higher thigraBe required.

After determining the grain size and the roughné®s,next step was to measure the contact
angle, both with and without UV illumination. Theorcelation of the photonic efficiency,
microstructure, and contact angle, before and &fiérllumination is depicted in the Figure 91

and Figure 92.

‘ —M— Grain size / nm ‘

‘ [ ] CA/°before UV

80-0.08 ——— 40
\ —%— Photonic efficiency / % \ -
Pl YR
0.07 1 e . r30
60 -
10064 N * 20
40 *
0.05 ™ 10
*
20-0.04 e . 0
1 2 3 4 5

lon-source current / A

Figure 91. Correlation between grain size and CAM for different ion-current values. The contact
angle is both before and after UV irradiation.
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Figure 92. Correlation between photonic efficiencies and grain size for different ion-current values.
(1to5A, 300 nm, substrate heated via high temperature)

Figure 91 to Figure 93 show that the high photafiiciency of the coated substrates is slightly
above 0.070%, and also displays the structurak sibtained from the experiments. The results
represent good demineralization of methylene bltlee CAM results showed a hydrophilic
structure after UV exposure, but a relatively highentact angle was observed on the sample
treated under high ion-source current, of 5 Aah be concluded from these different phases that

the microstructure of coated films changes witlfedént levels of the ion-source current.
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Figure 93. Correlation between photonic efficiencies and for different grain size values.

The synergetic effect of photocatalysis and hydilaity can be explained as follows. As it is
possible with hydrophilicity to adsorb more OH goswon the surface, the photocatalytic activity

is enhanced, therefore hydrophilicity can improhetpcatalysis.

It is also possible for the film surface to adspditicles, which can then turn the hydrophilic
surface to a hydrophobic surface. The organic camg@e on the film surface can be decomposed
through photocatalysis, which brings about theorasion of hydrophilicity. Photocatalysis can

then improve hydrophilicity and preserve this tfaita long duration. The self-cleaning effect of
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hydrophilic TiG; film can be expressed as in Figure 94. Therelayer of chemisorbed @ on

the film due to its hydrophilicity. The chemisorbidgD can further adsorb layers of water by Van
der Waals forces and hydrogen bounds that hingecltse contact between surface and adsorbed
contaminants. So the soiled substance adsorbelecsutface can be easily removed by spread
water and the glass shows self-cleaning effect.sEffecleaning effect can stay a long time due to

the synergetic effect of photocatalysis and hydilagity as is related above.
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Figure 94. Self-cleaning mechanism of hydrophilic TiO, thin films

[104]

As shown in Chapter 7, in addition to the ion catr@xygen ions and electrons, from the Hall
ion-source, play a role in increasing transfer gnefhe momentum transfer of the IAD ion-beam
bombardment on the growing titania films may resulan improvement of the microstructure,

the absorption of UV-light and the generation ofrenelectron-hole pairs, thereby increasing the

photocatalytic performande® ®> 87213

8.2 Effect of the coating parameters on microstructre and

photocatalytic activity

Different deposition parameters were set to firel tiost suitable method to produce titania films
with optimized optical and morphological propertigse fixed parameters were 3 x“bar Q

gas, 0.15 nm/s coating rate, and 300 nm film théskn To analyze its impact, the other
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parameters were held in a substrate temperatuge reatween 60 to 300 °C, an ion-source
discharge current (I) of 1 to 5 A, and oxygen aeactive gas of 20 to 30 sccm. Figure 95
presents the time-dependent photocatalytic degosdabtained from the UV-illumination of the
titania coated samples. The initial concentratibrmethylene blue was kept at 10 pmol/l. A
comparison of the methylene blue degradation onctieed surfaces prepared with different
deposition parameters is presented in followinguFgg5, with uncoated glass as the reference

sample.

10
|_ uncoated substrate

without IAD, 300 T
23 sccm, 300 T

MB Concentration / pmol/I
S

1.5 A, 23'sccm, 300 T

0 5 10 15 20
MB Degradation time / h

Figure 95. Photocatalytic degradation of titania films with different processes methods at 300 °C.

An analysis of the photocatalytic activity was coatgd from the calculation of the photonic
efficiency values. Prior to this, both the ratedefmineralization of methylene blue over 20 hours

and the variation of the ratio of In (G)Grersus time were determined (Figure 96).

0.5
0.0 uncoated substrate
-0.5-

] without |AD (conv.)
1.0+ 1.5 A, 28 sccm, 60 T
O" 1 5 A, 23 sccm, 300 T
B -1.51 1.5 A, 30 sccm, 300 T
N .

5 -2.0
254 5 A, 30sccm, 300 T
-3.0-
1 1.5 A, 23 sccm, 300 C
'35 T T T T T T T

0 5 10 15 20
MB Degradation time / h

Figure 96. Photocatalytic activities of different coating processes. Uncoated represents the pure
SiO, substrate (Suprasil).
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The samples with the two parameter sets of 1.53%@&m, and 250 °C, and 5 A, 30 sccm, and
300 °C show the expected linear behavior and a jpiigitocatalytic activity. Another tendency is
that MB adsorbs onto TiDand the oxygen-saturated conditions influenceptihetobleaching

mechanisn¥?.

The resulting values in Figure 96 show an influerafeprocess parameters on the dye
demineralization mechanism rate differences viapttoeluction of electron hole pairs on titania
surfaces (as explained in 5.1. pp.70-78). Tabled&émonstrates the increase of photonic
efficiencies using the IAD method at 60, 165, 2&f 300 °C.

Table 12. Result of the photocatalytic activities of the coated samples using different deposition
parameters.

Deposition parameters Photonic efficiencies [%0]
conventional, 300 °C 0.035
1.5 A, 23 sccm, 60 °C (cold) 0.038
1.5 A, 23 sccm, 165 °C 0.054
1.5A, 23 sccm, 250 °C 0.097
1.5 A, 23 sccm, 300 °C 0.098
1.5 A, 30 sccm, 300 °C 0.045
5 A, 23 sccm, 300 °C 0.039
5 A, 30 sccm, 300 °C 0.077

In the first deposition experiment, the sample w@asted by the conventional method, without the
use of the ion-source. The process temperaturke@sat 300 °C and a thickness of 300 nm was
maintained for the prepared titania films by ugtibn of an ion-source. In a past papé?,
titania films prepared using the conventional mdtheithout the IAD method, and at a thickness
of 300 nm, exhibit only low photocatalytic activitythe X-ray diffraction spectra of the
conventionally prepared film are shown in Figurea9Although a pure anatase phase is
identifiable, the film exhibits a very low degred crystallinity indicated by the exclusive
presence of a low-intense anatase (101) refleclitie low crystallinity results in the lowest

photonic efficiency of all tested samples, of 0BI§35%.
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Figure 97. XRD pattern of the prepared TiO, thin films with the conventional method and with cold
IAD process.

Figure 97b represents the XRD data of a thin filreppred with the ion assisted deposition

method, but at a process temperature of approxiyn@®°C as a cold substrate temperature. The

ion-source current and the oxygen flow rate werentamed at 1.5 A and 23 sccm, respectively.
The thickness of the deposited film was fixed a@ 8@n. Although the degree of crystallinity is
improved compared to the conventional film, ittil guite low. Besides the (101) reflection, the
(004) reflection can be assigned to the anatassept@onsequently, the photonic efficiency is

marginally increased, to 0.038%.

As the conventional method and the cold IAD prepanalead to almost amorphous films, and

consequently to low activities, the process tempegavas optimized.
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Figure 98. XRD pattern of the prepared TiO, thin films with a variation of IAD process temperature.
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The ion-source current, the oxygen flow rate, dredfiim thickness were fixed at 1.5 A, 23 sccm,
and 300 nm, respectively. The X-ray diffractionadaff the samples prepared at 165 °C (a),
250 °C (b), and 300 °C (c) are presented in Fi§8re

The degree of crystallinity is significantly impred for all samples indicated by the presence of
all common anatase reflections in the investigatedular range. The samples are free of the
rutile phase, yet more importantly, the processpenature affects the growth of crystal faces
leading to a preferred orientation of the anatemgigbes. Beside the (101) reflection being of
a high intensity in the whole temperature range,ahatase (004) diffraction reflex becomes very
intense by applying a process temperature of 06%/ °C (Figure 98a). This reflection decreases
when the process temperature is increased. A siimdhavior is also found in the anatase (105)
diffraction reflex, yet both the anatase (211) &htP) reflections develop the opposite way. As
with the cold-prepared ion assisted sample (Fi@&hg, the most intensive reflections of the thin
film deposited at a relatively low temperature &51°C, are still found with (101) and (004)
indices. However, the latter index features repreaehigher degree of crystallinity, leading to an
improved photonic efficiency of 0.054%. By raisitige process temperature to 250 °C, the
photonic efficiency is significantly enhanced t0®7%, and a further increase to 300 °C leads to
a slightly higher efficiency of 0.098%. Therefora, (004) preferred orientation of anatase
crystallites seems to be unfavorable for photogttahctivity. Tung et al®®? reported about a
low carrier concentration and a poor mobility obpdtexcited electrons in TiGanatase thin films
with (004) preferred orientation. This corroboratesy well with our finding that preferred

orientations in the (211) and (112) lattice plage=atly increase the photonic efficiency.

The process parameter of the oxygen flow rate wiageased from 23 sccm to 30 sccm to
determine its effect on the structural charactessand the photocatalytic activity, whereas the
ion-source current, the process temperature, anfilth thickness were kept at 1.5 A, 300 °C and
300 nm, respectively. Figure 99 shows clearly thatoxygen flow rate has no influence on the
preferred orientations of the crystallites. Intéregdy, the photonic efficiency is significantly
decreased to 0.045%.
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Figure 99. XRD pattern of the prepared TiO, thin films with a variation of oxygen flow rate using
the IAD method.

Additionally, thin film samples were prepared bgreasing the ion-current to a value of 5 A,
which is the maximum level possible with the Dent©€-105 ion-source providing a stable
energy distribution. Whereas film thickness andcpss temperature were maintained at 300 nm
and 300 °C respectively, the oxygen flow rate wdisisted to 23 or 30 sccm. Figure 100 (b)
shows the X-ray diffraction data obtained with 28 oxygen flow, indicating a low degree of
crystallinity, but the presence of a small amounugle as a second titania phase. Once more, the
low degree of overall crystallinity leads to a I@hotonic efficiency of 0.039%. The higher ion

current of 5 A requires an increased oxygen flote &f 30 sccm to provide well crystallized

films (Figure 100a).

— (a) 5A, 30 sccm, 300 C

A(101)

1@

Intensity / a. u.

20 25 30 35 40 45 50 55 60

\ | Anatase [ [] | L] |
[ Ruile [ T T 1 [ 1]

Figure 100. XRD pattern of the prepared TiO, thin films with a variation of oxygen value at high
ion-source parameter and at 300 °C.
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The results are presented in Figure 101. The Rdmaads centered at 141, 393, 514, and 636 cm
are assigned to the anatase phase and those pag@n320 crif and 450 ci correspond to the
rutile phase. Anatase is the dominant titania phiasell measured coating samples. Raman
displays a rutile by-phase clearly in the 5 A-fill@posited at a high oxygen flow of 30 sccm.
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Figure 101. Raman spectra of TiO, at various deposition parameters.
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Figure 102. SEM micrographs of TiO, films. (a) Conventional process at 60 °C. (b). IAD process at
300 °C with 1.5 A, 23 sccm. (c) Representative cross-section picture of a sample made by the IAD
process: 1.5 A, 23 sccm, 300 °C. The difference in this SEM analysis (c) is the use of the coating
matrix, which correspond to a highest photocatalytic activity (optimized Pr. VI).
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The SEM micrographs shown in Figure 102 reveal thatsample deposited using conventional
PVD without IAD (a) has a smoother surface thanséimples deposited by a thermal evaporation
method (b, ¢). Figure 102c displays a cross-seatifothe columnar structure of the deposited
titania with an approximate thickness of 350 nm.e Tiiims have uniform cross-sectional

structures. A smoother surface is shown for theveontional coated, and therefore has less

pronounced hydrophobic properties than the filnsodéed at 300 °C.

The film porosity can influence the active surfacea, which in turn has a strong effect on the
photocatalytic activity. From optical transmissioreasurements, a simple way to estimate the
porosity can be determin&d”. The microstructure (porosity) of the thin filmergrally enlarges

the surface aréd.

It is known that the packing density of the filnendoe checked by measuring the optical property

of the films as follow&3% 284

n®—1 .
Porosity = (1 - < > 1>> *100% Equation 29
ng

whereny is the refractive index of pore-free anatase,{#3), andh is the refractive index of the
deposited TiQfilms. A pure SiQ (Suprasil) was used with& equal to 0.936, and a refractive
index: 1.44.

Table 13. Estimation of porosity using an IAD and conventional examples

n @550 T maxima T minima Porosity (%)
conventional (picture a) 2.41 0.87 0.65 39
IAD (picture b) 2.52 0.92 0.58 27

The refractive index, with a wavelength of 550 mvas 2.52, a higher result than values that have
been previously garnered. Table 13 shows that tiseaereduction in porosity as the deposition
temperature increases. This remark also corrol®with the above explanation that one reason

for the decrease in band gap with temperature dmilld\D film densification.

The column-grains have rounded tops and an elodgatgproximately cylindrical shape. The
rounded tops will in all cases increase the suréa@glable for catalysis. The side surfaces of the
column-grains can only participate when the inteifgspacing is large enough to allow diffusion
of the reactant and reaction products. This intairgspacing actually defines the pore size in the

thin film. If a thin film has a completely denseuwstture and a flat surface, the active surface area
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is equal to the geometrical area of the substfidie.surface can consist of a collection of semi-
spheres (the tops of the individual grains).

100
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Figure 103. Transmittance measurements of TiO, thin films prepared by IAD at 1.5 A, 23 sccm O,,
as a function of the process temperature: Green: 165 °C, Blue: 250 °C and Red: 300 °C.

From the transmission spectra, it can be deduagdtbe transmission rate of the coated samples
is qualitatively high. Figure 103 shows the trantanice of thin films prepared with 1.5 A,
23 sccm @ at different temperatures. A transmittance of 9@&we, nearly the value of the
uncoated side, at 550 nm shows an obvious regydrdang the thickness of the titania coating of
300 nm. The difference between the curves of Figd& at high wavelengths indicates a slight
variation in terms of thickness. The refractiveiaed are estimated to be 2.52, 2.53, and 2.54 for
process temperature 165, 250, and 300 °C resphrctive

During the IAD process, the crystallite grain siziuences the absorption edge of the titania thin
films, as demonstrated by Wang et af* A relationship can be determined between the
morphology and the optical properties that can beerheavily specified using a correlation with
the photonic efficiency values (Figure 104). Funthere, it appears that some of the oxygen ions
and electrons from the ion-source might play a molecreasing the MB deposition rate (Chapter
5). The momentum transfer of ion-beam bombardmenthe growing IAD layers can result in
augmenting the packing density of the microstrietand absorb more UV-light quanta, which
provide high photocatalytic activity.
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Figure 104. Correlation between average grain size values and photonic efficiencies for different
process parameters (substrate temperature) operating with 23 sccm oxygen and 1.5 A current.

The results illustrate that the photocatalytic\agtistrongly depends on the roughness of the thin
films prepared by IAD (Figure 104). A high ion-soarcurrent and a low reactive gas, or vice-
versa, is unfavorable in obtaining high grain siZEse sample coated with the conventional

method without ion-assistance is used as a referenc

The process conducted without using an ion-souhosved a low presence of anatase on the
XRD and Raman data. An increase of temperaturdiypelyi influences the photo-mineralization.
A mixture of anatase and rutile can provide higbtphctivity. Anatase and rutile phases bear an
influence on certain coating parameters, such res,stibstrate temperature or the ion-source
parameters.

Hence, another conclusion of this study is thatfwors adversely affecting crystallinity are
mainly fourfold; that of the ion assistance usdw temperature applied, the ion-source current
value, and the oxygen level when used as the weagtds. The factor that positively and
substantially influences the crystallinity is thaintenance of the pre-defined values between the
ion-source current and the reactive gas. The tesityrer was kept between 60 °C and 300 °C and
the thickness was kept at a constant of 300 nm¢iwhifluenced the photonic efficiency and
crystallinity. This leads to the conclusion thatr fa suitable level of crystallinity and

photoactivity, a precise level of an ion-sourceent and a reactive gas plays an important role.
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9. Future Research and Utility

The innovative measurement systems, that were mgiincan be put to approve for further use
and innovation. Some research ideas have alreasyib#@iated, some of which involve research
on extraction of TiQ from sun-protective agents, photocatalytic adgtivif commercially
available sun-protective glasses, and the detetimimaf TiO, content of these examined sun-
protective agents. There are many areas whereesgsrch is of use. Two of the most applicable
of these, photocatalytic transparent films undesiblé light, coating potential on laboratory

equipment, have been discussed below.

9.1 Photocatalytic Transparent Thin Films under Visble Light

One section of the research for this thesis wasdwtted specifically to understand the
functionality of TiG, thin films under visible light as opposed to UVhieh has been thoroughly
discussed in previous chapters. It was necessifatetrily by the need to increase the scope of
utility in coating to visible range. Recent effohigve been made to increase the efficiency of TiO
as a photocatalyst under visible light and for thispose research has been conducted to produce
thin films doped with certain elements includindgv8i (Ag) and Gold (Auj’® 89 130. 149, 285- 287]
Due to surface plasmon resonance, which is a iighieed collective oscillation of conducting
electrons on the surface, silver and gold absajft lin the visible range. For the purpose of
obtaining structures which can facilitate high perfance catalysis, many chemical and physical
methods, such as, co-precipitatféfl, chemical vapor depositidf®, co-sputtering?®®,

R 292 and gas-phase graftiffg® have been developed. To produce

deposition— precipitatio
gold metal nanostructures, several procedures baga publishe®. Mesoporous Ti@films
with defined mesoporosity, that is, narrow poreestistributions, synthesized via sol-gel

technique were used receriffy.

Ag and Au were used in this research with theifedénces when expending the ion assisted
deposition (IAD) method being a focus. The photalyaic activity of the titania thin films
produced was evaluated. The doped Ag- titania filvess deposited as co-e-beam evaporation in
BAK 760, with Denton CC-105. The voltage of then|eBalzers BAK 760, was kept at 8 kV, the
voltage of the ion-source, at 2.5 A. The flow of/g&n, as a refractive gas, was kept at 20 sccm.

The substrates were heated at 350 °C.
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A different process was employed for Au. First, shdstrates were coated with Titin films
and were placed inside a furnace to anneal fordl@2shat 400 °C. After this, the Au was added
with a pressure of 70mbar while operating 10 mA current, with Bio-Ragldon Division TEM
Dehydrator Model E500M utilized for this process10® the deposition process was completed,

the substrates were again placed inside the fufioade® hours at 400 °C to anneal.

9.1.1 Optical Properties

The samples of thin films produced with metal do@@®, process were studied for optical
quality, total scattering, photocatalytic propestieontact angle, crystal structure, and anti-
bacterial properties. Each of these will be disedsselow. The optical quality of each sample
was estimated using the transmission curves mesdicgarlier in Chapter 7 (IAD and its
functional properties). The following Figure 105o08is the area, which corresponds to the

transverse surface plasmon band of spherical goidparticle&?> 2°°
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Figure 105. Transmissions spectra of TiO,-Au with presence of the plasmon resonance peak at
approx. 560 nm. Blue (Top): TiO, + Au-3s, Red: TiO,+Au-5s, Black: TiO, +Au-9s.

For metal nanoparticles of Au, the plasmon absonpérises from the collective oscillations of
the free conduction band electrons that are indbgetthe incident electromagnetic radiation. For
Au/TiO, samples, the intensity of absorbance band isegklt the size of Au particles and the
content of Au in Au/TiQ. There is only a slight increase of the absorbantansity when the
time of gold increases from 3 to 9s. Accordinghe televant referenc&8” 2% the size of Au

has no evident increase.

As reported by I. Bannat et. al, the comparablectspm wavelengths of the surface plasmon
resonance band designate that there is no furtfest ef the refractive index and of the dielectric
constant of the transparent thin Ti®m on the position, which normally indicates apence of

a characteristic red shift depending on the filntkhess. A very slight color spectrum was
observed due, may be, to the small thickness amgbapation method to compare with

mesoporous sol-gel samples.
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Other transmission spectra obtained, ,fXQ are shown in Figure 106. The shift of the bgag

to the visible region was clearly observed withitt@ease of Ag amount.
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Figure 106. Transmission spectra of TiO,-Ag. Black: 100 nm TiO, and 15 % Ag, Blue: 200 nm TiO,
and 10 % Ag, Red: 300 nm and 20 % Ag.

The position of plasmon bands of the Ag-Tidms on Suprasil glass confirms the formation of
Ag nanoparticles. As the figure shows, the transimisis recognized to shift toward the visible

region depending on the percent of silver implametio..

The ion-implantation of this transitional metakiective in modifying the properties of TiGhin
films to make shifts in the absorption band towtsible light range. The experiments showed that

if Ag is applied for longer durations, absorptiogriease and transparency decreases.

The refractive indices of Tixat 550 nm, Ti@Au, and TiQ-Ag are calculated as 2.44, 2.44 and
2.42 respectively.

9.1.2 Photocatalytic Properties

Photocatalytic properties of the thin films weretadlmined through the same process of
methylene blue degradation. The films displayed#lihe properties shown in Figure 107, and

water was used as the reference for all samples.
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Figure 107. Grain size results and demineralization of methylene blue over 22 hours using a TL/03
lamp. This lamp emits a radiation between 380 and 480 nm.

The photocatalytic activity of the films can be quared against the degradation signal (mV)
obtained from the graphs against irradiation tinie.is showed that the photocatalytic
decomposition carried out with visible-light sousightly depend of the Au time deposing (1 to
3s). The catalysts with silver particle are the naadive. It is proposed that in the catalyst with
gold particle efficiency is the responsible of thetivity. Meanwhile, the plasmon surface
resonance band plays an important role in the platitoty behaviof®?. The photocatalytic
reaction is highly sensitive to the catalyst suefa@/hen looking at the electronic properties,
doping will influence two factor€Y: namely (i) the charge carrier separation and litglaind (ii)

the absorption edge. The first factor will affelse humber of photons which can be utilized for
the chemical redox- reaction while the second glithnge the wavelength of the light needed to
activate the catalyst, mostly trying to shift tHesarption edge towards visible light. Methylene
blue reacts with electrons generated on the, fi@ticles under near visible light. T#@g has
the best photocatalytic activity, with other metats as efficient for methylene blue degradation
due to the photonic efficiency being less than plif®. However, this does not mean that they
are not efficient under visible light, as shownra@search literature where it is possible to use
different chemical components for Vis-Photocatalgctivity (such afkeactive Brilliant Red X-
3B, MTBE, Nitrobenzene, methyl orange, and acatid)a'** 3°°!

9.1.3 SEM Microstructure and Grain Size Determinati

SEM images of the coated IAD thin films are showrthe following Figure 108. The average
grain size on each film was calculated on the bafsisfferent values obtained from each of these

images.
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Figure 108. SEM results of different kinds of coated substrates.

The presence of silver and gold via the EDX ingggtons (Figure 109) are observed. Figure 108
shows that the crystallites of TiGare arranged in different geometric agglomerateso T
classifications can be made on the basis of theagés, the first being TigPAg, TiO,+Au and
TiO,, which show clusters existing in irregular formsthvedges. Ti@ has been used as
a reference for the grouping of samples, and dvisent that TiQtAu and TiQ+Ag show the
average grain size of over 30 nm. The highest geegaain size was observed on the ,F8y
sample. When examined alongside the images in &ij0B shows that the samples containing

clusters in an irregular form and with edges hah@her grains size.
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Figure 109. EDX results for a doping with Au and Ag. Left: TiO,+Au : wt (%): O: 35.6; Ti: 54.97 at
(%): 0: 60,63; Ti: 31.26. Right: TiO,+Ag wt (%): O: 35.63; Ti: 56.13; at (%): O: 62.25; Ti: 32.76.

The photonic efficiency is directly proportionalttte average grain size in that it improves as the
average grain size increases. As the particlesineimahe reactor for the entire deposition time,

the grain size of these deposited multiphase pestoontinue their increase.

In addition, the model proposed by Edelson and $&laeleclares thahe intra agglomerate
densification and grain growth rate both occur me@remptly than the interagglomerate

densificationt”. More research is needed to investigate this ggisenechanism.
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9.2 Coating Potential on Laboratory Equipment (Scads)

During the optimization phase of this research,rédseilts of the experiments establish the use of
this technology on visible-light-exposed surfacggwn in Chapter 8, hint at the potential use in

laboratory equipment, especially scales and batance

The presentation of the first doped coating resuliéy be used to market this technology. The
highlight of these experiments was the use of \d&ting processes for optimized photoactivity,
optical quality, and morphological analysis, suskhcantact angle tests. Figure 110 shows coated
components of a scale used in laboratories.

. Layer
Material Component System
Standard Glass  Wind Screen ITO
panes and doped
TiO;
Glass panes with  Wind Screen doped
ITO TiO,
Glass panes Wind Screen doped
assemblage ITO TiO,
Stainless steel Balance weight  doped
TiO,
Lacquered Screening ITO
Aluminum shield and TiGQ

Figure 110. Coating a ‘Future Scale’ with an optimized deposition process (VI). LEDs OCU-400
UE400-X-T (Peak Wavelength 400-405 nm) was integrated as source of indoor for self-cleaning, in
accordance with DIN and ISO standards. In coordination with the partner Sartorius, an IAD design
concept was developed with marketing design specifications.

For the optimization of optical quality and the aimpression of the coatings, done to finalize
the best coating design, according to the finatingacolor as managed by the manufacturing

procedure, are shown in Figure 111.
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Figure 111. Optimized TiO, spectra of different photocatalytic active coating designs. Left: blue dark
for different refractive indices value. Right: blue light. The apparent color can be optically
programmed.

Real industrial applications based on the IAD basgearch results have already been in use since
the end of 2010. The prototype of this laborataagie application is present within the marketing

division of Sartorius AG, aiming to collaboratenith the customer’s suggestions and wishes.
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10. General Conclusions

The focus of this research was to produce titaittasf which are as well highly optically
transparent as photocatalytic active; thus the mahteias designed by surface and structure
modification. The TiQ layers used in this thesis were deposited usiag”¥MD method with an
implemented ion assisted coating (IAD) process. Ba&zers BAK 760 and SYRUSpro 1100
machines were used with Denton CC-105 and APSpradoirces respectively. It is possible to
produce compact and homogeneous coatings of enthaefractive index that also have reduced
water adsorption and optical absorption. Diffengstameters were operated in the deposition and
characterization stages, with the deposition pmcasried out with and without ion assistance,
and the characterization process conducted usidy-&is Spectrophotometer, a photocatalytic

measurement system, SEM, EDX, XRD, contact angksomrement, AFM, and TEM.

The first goal was to investigate the effect olistural properties of Tiothin films. The XRD
results of the tested samples did not show amorpkltiuctures on the analyzed surface. A high
diffraction reflex of (004) indicating a prefereglticrystal orientation and particle diameters of 5
to 10 nm were found for Tigxhin films that were produced using the IAD methaith the X-
ray diffraction also showing a high anatase portidhe TiQ samples also showed 95%
crystallinity when analyzed with TEM, and displayadcorrelation between the intensities of
Raman signals for anatase and rutile phases, ihtijcdifferences in the microstructure, and the
deposition process. There is a strong correlatetwéen the characteristics of the thin films and
the ion-source current parameters. For exampldy ait increase in the ion-source current the

crystallite size also increases.

The contact angle of a water droplet on the ;Tikdn films under an ambient condition in air
atmosphere was measured to evaluate the leveldobplyilicity, with the results showing that the
contact angle increases as the ion-source cuseartluced, and vice versa. An additional factor
that increased the contact angle of water droplets the annealing process, which made the
surface of the thin films rougher. Additionally,ethhin films became super-hydrophilic when

exposed to UV light.

All the deposition processes are characterized layex adhesion test, a moderate abrasion test,
a solubility test and a severe abrasion test. Xl films show nearly perfect mechanical stability.

It was shown in all of the abrasion tests that cratshes on coated glasses were formed on the
thin films, and the solubility test confirmed thae layers were not detached from the surface.
The severe abrasion test, however, shows surfaatelses for PMMA. The influence of Si@s a

basic layer directly on PMMA should inhibit the pemce of these deformities.
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A second goal of this study was to improve theagbtproperties of the Tigthin films according

to their mentioned structural properties.

Thin films prepared using IAD processes possegadyr high refractive indexes. More energy
from ion bombardment further supports the formatbeven more compact structures and more
uniform layers, consequently, resulting in an ekigher refractive index. The tests conducted to
measure the transmission spectra of the optieasfilithin the visible and IR range indicated that
a difference in oxygen flow has little-to-no impamt the optical quality of the films. This is

especially true at higher temperatures. Optimisstlis for the refractive index at 550 nm can be
gained with a value of 2.75 for a sample coatedlAD with Process V, at 350 °C, 4 A and 30

sccm. At cold, 50 °C, and hot, 350 °C, temperatevels, the refractive index goes to 2.51 and
2.55 respectively. Tests showed that the refradtislex of the films coated with 25 and 30 sccm

oxygen flow at 50 °C to 60 °C remains constant, ianddependent as to their thickness.

A third goal of this thesis was to develop a rdeaprocedure for testing the photocatalytic
activity of the thin films. The photocatalytic agty research carried out has provided the

following points:

» Using SYRUSpro 1100 and the ion-source APSpro éndéposition process, a bias of
60 V resulted in best photoactivity.

» The films prepared using BAK 760 and Denton CC-$86wed a photodecomposition
rate of methylene blue 1.8 times higher than corially available products promising

self-cleaning ability, and 36 times higher thanaated substrates.

» A TiO, film thickness variation in the range up to 150 resulted in only negligible
differences in the photonic or photocatalytic efficy. However, thicknesses between
200 nm to 550 nm, and higher than 600 nm leaddoge increase and constant change in

photocatalytic efficiency, respectively.

Considering the importance of microbial tes$syrcina Luteaas Gram-positive has been used.
The microbial evaluation was carried out $grcinia Luteain 7 hours with a distinct 5-6-log
reduction of the cell count showed high inactivatiof microorganisms on titania thin films
deposited with PVD-IAD proving the high antimicrabefficiency of the obtained films. Increase

of the deposition temperature to 350 °C has no@nfte on this efficiency.

Finally, the work carried out can be considered gsod starting point for further development of
highly transparent but nevertheless photocataljjieative TiO, films due to the improvements

made. The study provides the following achievements
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» The PVD-IAD method can achieve more compact anddg@meous coatings than PVD
alone. The coatings provide an enhanced refraédtidex, high mechanical stability,

reduced water adsorption, and low optical absangtidhe visible range.

» PVD-IAD enables coating of polymers with Tidiims inducing a self-cleaning effect

being potentially useful for countless daily anghisticated products.

» The results of this thesis can be developed forimdasers. The central problem is the
contamination induces damage in high power UV-®sarhich decreases the laser's
power. The development idea is to use a coatirgurhinium laser housing via the 1AD
photocatalytic coating process. A silica bufferdayan be added between the metal
surface and the titania layer to enhance the awridafficiency of the hydrocarbons on

the sample surface.

The goals mentioned in the Chapltetroductionhave been achieved, producing important results
in the field of photocatalysis and coating techggldl he ion-beam assisted process is an optimal
candidate for many different applications involviagsy-to-clean surfaces, the microelectronic
industry, and in laboratory equipment, for examptmles. The microstructure and optical
properties of the Ti@films make them a good choice in precision optwsdical glasses, precise
photo objects, touch screens for mobile phones,potens and tablets, and other potential
displays. The self-cleaning and the anti-bactefiahctions are based on photo-induced
decomposition without the use of chemicals, demating that TiQ-coated surfaces can be

classified as environmentally friendly.
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12. Appendix

12.1 Additional information

12.1.1 Additional Text

Info Appendix 1.Pre-deposition technical details

The actual deposition processes were conductdeeifotiowing manner. First, the cooling pump
was opened to check the parameters, which werassietlows: water was held at 6 bar, volume
flow meter at 50 I/min, oil valve ‘in’” at 7 bar, lovalve ‘out’ at 2 bar, coating machine ‘in’
between 4 to 6 bar, and plant ‘out’ at 2.5 bareAthat, the main apparatus, Balzers BAK 760,
was switched on and left for 20 to 30 minutes toee suitable vacuum level. When the vacuum
and water reached the appropriate level, the ‘“iemton of the machine was pressed to open the
apparatus. The apparatus door took 30 to 40 mintotegpen, which positively affected the
decrease of the substrate temperature and thelpastintamination inside the chamber. During
this 30 to 40 minute period, the glass substratethis case Suprasil and Menzel substrates were
chosen and cleaned manually with acetone and ipapad, or mechanically using an ultrasonic
automatic plant. The quality of cleaning was cadlewbby light-microscopy. Tungsten, rolled and
placed in ion-source apparatus, was used as aefilamifter all the materials were placed as
mentioned above, the doorframe of Balzers BAK 7&® wleaned with isopropanol and closed.
After this, the vacuum and pressure were set &10rBbar, and log. Lin. lon gauge at 0.00005

mbar.

Info Appendix 2 Resistance of neutralizer

The ion-source neutralizer can be expressed infahewing equation, consideringR as its

resistance:

R=p " - Eq. App. 30
A
In this equation| is the length which was kept at 13 cm, densitg@esented by. Both factors
were kept constant due to which the resistance rels@ined constant, hendd<Il. R). If the
potential, represented &k is increased, current, represente® asould also increase. However,

if the discharge current is increased considerabg/fungsten filament will get damaged.
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Info Appendix 3.Using of XTC as thin film deposition controller

With the aim of correlating the oscillation frequgnof a piezoelectric crystal to the mass, the

XTC controller used the Sauerbrey equation:

—2Amfé 2f¢
Af = fo:_ fo Am Eq. App. 31
Ay Pqlq Ay Pqlq
where Af: Frequency Change (Hz)A.:. Mass Change;f, : Resonant Frequency;

A: Piezoelectrically Crystal Area between electrofies): pq - Density of quartz, ang,: Shear

Modulus of quartz.

Another factor considered in the sensor was thaligya which manages permissible increase in
the frequency between the Sensor measurementshiekeme crystal failure and after initiation of
automatic crystal switch. Additionally, three paeters were entered in the source, that of
‘Control Gain’, representing change in the percgataf Power for a given rate deviation,
‘Density’, which depended on the substrate beingdusand ‘Z-Ratio’, which defined the

correlation between mass loading on the crystalcaating thickness.

The Thin Film Deposition Controllers of XTC contaMode-Lock, which is a measurement
system of INFICON and is based on oscillator tethgy It has the ability to control the
thickness of the films more accurately compareth witnventional methods used for this purpose.
Along with precision, it also has a quicker resgotisie. With XTC, it is possible to have closed-

loop monitoring and control of different depositilayers.

Moreover, a thickness accuracy of 1% can be actieith a 0.06 Angstrom resolution. It is used
with INFICON Rate-Watcher feature, which providdemag-term rate control for in-line or load-

locked sputtering processes or for thermal evajmoréitom a resistive source.

Info Appendix 4 External photoactivity measurement tests

The actual processes used were presented at th&ip on Photocatalysis, and were approved
as being compliant with the DIN 52980 standard. wkspntation made was focused on a
comparison between stearic acid methods used dhshitute of Surface Technology (IST) and

LZH, which resulted in a possibility of new standior ‘luminescence degradation’
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Info Appendix 5. Microbiological assessment

in_two parts:

sample paration and

photocatalytic preparation (IGB, Stuttgart)

Part One

Microbial strain/ test culture
Cultivation

Haze measurement/ turbidimetry

v
Microscopic cell counting Determination of colony
Using a Thoma Forming units by the
chamber Proliferation of cells

t t

Cell count

Sample preparation

v

Cell harvesting by centrifugatiion

Removal of the culture medium

<«— constituents by washing with sterile
buffer solution and subsequent
centrifugation

UV treatment for 24 hours to

remove impurities

\

Dark phase before
exposure , 12 hours

Sample order for spray nozzle

v
Exposure of the sample

Part Two

Photocatalytic Reaction

|

v

Uncoated controls

'

Coated specimens
J

v

Dark reaction as a

Exposure of sample

control without
activation l l
Sampling after 0 to n hours
v v

Demonstrating the
effectiveness of inactivation
(contact agar plates)

Incubation under
Optimum conditions
(1, 3, 5 days)

Analysis by determining the colony
forming units (CFU)

Calculation of inactivation efficency
based on reduction factor Rf

Demonstrate the effectiveness
degradation by scanning
electron microscopic evaluation

}

Interpretation with
microscopic pictures
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12.1.2 Additional Figures

In Figure Appendix |, optimization of the automatetkasuring technique is symbolically
illustrated to determine the photocatalytic acyivan the surfaces. It clarifies that, apart froma th
measurement of the photocatalytic effects, addidnnctions can also be altered, such as
temperature regulation, on-line incident lightinge, and measurement of the air humidity.

JL.PhoCat (Ver. Test_Feld) - [Measurement] =10l x|
B Fle Hxrdware Lockin Sampleholder Measurement Help =18]x|
2 H|B ﬁl El & A m ﬂ Licence : LZH Started 16.07.2009 15:00:18
0.086 EI
O start
Lock In it 2] | Eewse
Communicator | el a Disbort
0069 - — 8l Adopt range
Possibility to
abord or to stop TrpeliniSenple
LTT 1,1,1,No,No,
- - laser incidence time = ——TT> 300
o > 193

Repetition time

Signal Transmission

) > 68323
1 -
Full illumination time

T(%)

Y i

0034 i :
Different Measurements

826(

Figure Appendix |. A visualization of the C++ program used to determine the photocatalytic
activity.

Figure Appendix Il visualizes the surface in thatext of the optimization phase of the compiled

C++ software, which was based on the platform dgped at the Laser Components department

of LZH.

The example shows an analysis of internal and meteamples in order to compare the photonic

efficiency on the basis of methylene blue, the eotr@tion of which was determined with the

help of spectrophotometers.
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FJ Ao Hadware Lockn Sample holder Meastrement Help =l %]
& | ] ‘ Started 30/06/2012 15:21:28 Licence : LZH
Avagadro N L et ron EPTACIEALY er et RNy Er e R s s e
Planck Cst ‘ Js £ - Photon Efficiency
‘7 k' - Ka prime {Steigung coefficient)
Ligth Speec mis C° - Konzentration
—_— kCory ¥ - ¥Yolumen
Wave Lengd m =y 3% - Photonic FLUX
— Jeka A - Area beschichtete Flache
. Jis*m”"2
Ligth iner‘] e fs7m Atttk FLUX Berechnung
e I*a
Volume | 3 DYt N I -LigthPower
R T NA*h*c & - LichtWellenLange
CDnCEnlrﬂtiJD 00001 molf1 NA - AvagadroNumber
— . h - Planck Konstante
Aran ‘U 000625 m°2 c - Lichtgeschwindigkeit
PhotonFlux ‘
K'{mV vs. T:‘ K'(Trwvs. 'I" K'(Cwvs. T)‘
@ - &

Photonic Efficiency
Result

(@) | calculate | SAMPLE1Datei Adresse

Figure Appendix Il. Screen capture of the software created to calculate the photocatalytic activity.

The luminescence degradation direct method is ighihsitive and reproducible. It represents an
encouraging option to be exposed in standardizakpfoit in photocatalysis.

3. emissioni.a.at 615 nm

sfer

2. energy tr

an
T:E

3
\
3
1. light absorption

Figure Appendix IlIl. Left: Delineation of the Weissman effect. 1.) Light absorption by the organic

ligands, 2.) Energy transfer to the europium(lll) cation, 3.) Main emission at 615 nm. Right:
Luminescent europium (1ll) complex (terpy)Eu(hfac); ***.

neutral ligand

The XRD results of samples of different processiavas show that the samples in Figure
Appendix IV exhibited different textures.
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Figure Appendix IV. Additional XRD results of the photocatalytically coated thin films
(measurements Fraunhofer IST).

The results of the thin film’s microstructure ah@wn in the graph of Figure Appendix IV and,
with the red, blue, green and black curves reptasg(il) IAD using CC-104, (2) IAD using CC-
105 at high temperature, (3) IAD using CC-105 abhl temperature, 50 °C to 60 °C, and (4)
simple IAD using APS, respectively. These differpracess results show that IAD using CC-104
has a high anatase reflection on the reflex at &ari@) 25° and 38°, and a lower reflex on
anatase (110) at¥255°. The IAD process with CC-105 at cold processgerature leads to a
medium level of photoactivity, and is representedrigure Appendix IV by reflexes at 38°, 54°
and 55°.

Deposition of films using SYRUSpro 1100 with APSuked in an absence of anatase and rutile
phases, but with an amorphous microstructure, dod@r level of photoactivity when compared
to the above processes. The highest intensity afaaa reflexes, represented in the graph with
reflexes at 25 (001), and 55° (411), were observed on filnfgodéed using the IAD process at
approximately 250 °C with CC-105. It is only in tbase of IAD that the reflex point reaches 39°,

which represents high photoactivity.

It was revealed that using the vacuum evaporatiethad with Denton CC-105 resulted in the
effective controlling of the structural charactads of TiO, layers, and also that different crystal

modifications influenced certain coating parameters
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Figure Appendix V (a). ‘Section analysis” study on the titania AFM images.
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Figure Appendix V (b). ‘Section analysis” study on the titania AFM images.

Moderate abrasioh

Severe abrasion resistance test.

Sand erosion test

Figure Appendix VI. Durability tests: mechanical and environmental stability. Ref. MIL (MIL-C-48497)
and DIN Standards (DIN 52348, DIN ISO 9211-4).
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Figure Appendix VII. Solubility Test result. Left: before test, right: after test.
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Figure Appendix IX. Hydrophilicity results for different deposition thicknesses using IAD.
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12.1.3 Additional Tables

Table Appendix 1. Technical parameters of e-beam deposition using Balzers BAK 760.

Plant & Coating Process Properties

Voltage 8 -10 kv Rotary Cage Control 40 rpm
Current 0.3-0.5A XTC Controller- 80 - 120 %
Tooling Factor
_ Calotte Heater Cold - 350 °C Crucible Control Speed 6 rpm
(=Process temperature
High Vacuum 0.001 mbar TiO,lon-Beam Focus 0-0.8A
issi Plant 0.1-0.50 A
Log-linear lon Gauge . 0.00005 mbar Emission
Current lon-Beam 22-30 A
O, gas 20-40 sccm
O, Valve Control Unit 0.0003 mbar Plasma Etching Heater Cold — 350 °C
Time 5-30 min
Coating Thickness 10 - 1000 nm Electrical Connections 130 - 260 V
. TiO, 0.15 nm/s . o Chemical
Coating Rate : Cleaning, Preconditioning :
Sio, 0.35 nm/s Mechanical
lon-Source Properties
Neutralizer Wire Tungsten O, lon-Source Flow 20 - 40 sccm*
Neutralizer Voltage 8-15V . Voltage 9-13V
Filament
Power Current | 25-33 A Current 22-30A
Energy of up to Single
gaseous ions 300 eV phase: lon-Source Bias Voltage 160 - 280 V
S0 Hz Process
Filament Diameter; 0.020" Current 1-5A
Magnets Hicorex . 0.5"d. x Size Diameter: 9 cm
9 Cobalt 0.19” Length: 17.5 cm
Water- 15 - 26 °C
Cooling
Cathode | Body of the lon-Sourc Discharge
Voltage Power Supply Unit 50 - 800 V DC
*[1sccm= 0.01646 mbéis]

Table Appendix 2. Result of the TS measurements mapping at 633nm

Background sample

Thin Film coated at
1.5 A, 30 sccm, 300 °C

Thin Film coated at

5 A, 30 sccm, 300 °C
Mean: 0.00431 Mean: 0.0478 Mean: 0.356
Std. Dev.: 0.207 Std. Dev.: 0.687 Std. Dev.: 1.85
Opti. Mean: 1.00 e-08 Opti. Mean: 1.81 e-04 Opti. Mean: 3.04 e-04
Opti. std. Dev.: 8.59e-12 Opti. std. Dev.: 2.17e-05 Opti. std. Dev.: 3.72e-05
Opti. Median:  1.00e-08 Opti. Median:  1.80e-04 Opti. Median:  3.08e-04
Iterrations: 38.0 Iterrations: 33.0 Iterrations: 9.00
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12.2 Symbols and Abbreviations

Abbreviation
AFM
Ar
AC
CAM
CB
CvD
DC
DIN
e

E

EO
Eg
etal.
Ebg
Ec
EDX
EF
eV

h

h+
hv

|

IAD
IBICVD
IBS
IR
ISO
k

MB
mL
mol
nm
0,
OH
PECVD
ppm
PVD
sccm
SEM
T
TEM
uv
VB
Vis
XRD
A

¢
uL/ pmol

Meaning

atomic force microscopy

argon

alternative current

contact angle measurement

conduction band

chemical vapor deposition

direct current

Deutsches Institut fir Normung e.V.

electron formed upon illumination of a semicoctdu
energy

standard redox potential

band gap energy

Latin: et alii (English: and others)

band gap energy

conduction band edge

energy-dispersive analysis by x-rays

Fermi level

electron volts

hour

hole formed upon illumination of a semiconductor
incident photon energy: energy of light
intensity of light

ion assisted deposition

ion-beam induced chemical vapor deposition
ion-beam sputtering

infrared

International Organization for Standardization
reaction rate constant

methylene blue

milliliter

mole

nanometer

superoxide ion radical

hydroxyl radical

plasma-enhanced chemical vapor deposition
part per million

physical vapor deposition

standard cubic centimeters per minute
scanning electron microscopy

temperature

transmission electron microscopy

ultraviolet light

valence band

visible light

X-ray diffraction analysis

wavelength

photonic efficiency

microliter/ micromol
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