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Kurzzusammenfassung 

Die Herstellung von selbstreinigenden Oberflächen mit guten optischen Eigenschaften und hoher 
photokatalytischer Effizienz steht seit einigen Jahren im Fokus von Forschung und Industrie. Für 
einen breiteren Einsatz dieser Technologie muss die photokatalytischen Effizienz und optischen 
Qualität erheblich gesteigert werden. Ziel dieser Forschungsarbeit ist es, die 
Beschichtungstechnologie- und Materialien hinsichtlich dieser beiden Parameter für transparente 
Schichten zu optimieren. Diese Aufgabe erfordert eine standardisierte Analyse der hergestellten 
Oberflächen und die Entwicklung einer Methode zur Messung des damit korrelierten 
photokatalytischen Effekts. Der Schwerpunkt liegt auf der Verwendung der physikalischen 
Gasphasenabscheidungstechnologie (englisch: physical vapor deposition, kurz PVD) zur 
Herstellung dünner Filme. Diese umfasst sowohl den Einsatz ionengestützter 
Beschichtungsprozesse (englisch: Ion Assisted Deposition, kurz IAD) als auch konventioneller 
thermischer Verdampfungsmethoden. 

Der Fokus dieser Arbeit liegt auf der erstgenannten Methode. Zu diesem Zweck wurden die 
Plasma-Quelle Leybold APSpro und die Ionenquelle Denton CC-105 eingesetzt. Dabei wurden 
die wesentlichen Parameter für die Herstellung von transparenten photokatalytischen 
Titandioxidschichten untersucht. Unterschiedliche Entladungsströme, Spannungsgrößen und 
Gasflusswerte wurden in der Ionen-Quelle verwendet. Es wurden drei verschiedene 
Beschichtungsanlagen eingesetzt: die SYRUSpro 1100 von Leybold im Zusammenspiel mit der 
Ionenquelle APSpro sowie die BAK 760 und BAK 640 der Firma Balzers zusammen  mit der 
Ionenquelle CC-105 bzw. CC-104. Es wurden solche Beschichtungsparameter ausgewählt, die 
typischerweise für die Herstellung von TiO2-Beschichtungen mit guten optischen Eigenschaften 
verwendet werden. 

Es wurde ein Vergleich zum Wirkungsgrad der Photokatalyse zwischen den TiO2-Beschichtungen 
durchgeführt. Die Ergebnisse zeigen, dass TiO2-Filme aus der IAD-Anwendung mit der Quelle 
Denton CC-105 die größte Photoaktivität und auch einem superhydrophilen Effekt besitzen. 
Darüber hinaus zeigen die IAD Proben eine antimikrobielle Aktivität gegenüber Test-
Mikroorganismen. Eine weitere wichtige Betrachtung ist die Untersuchung des Einflusses der 
Beschichtungstemperatur, Verdampfungsrate und weiterer Beschichtungsparameter der 
Ionenquelle auf die optischen Eigenschaften der TiO2-Filme mit dem Ziel, diese zu optimieren. In 
dieser Studie wurde die bedeutende Rolle der spezifischen Oberflächeneigenschaften von 
Photokatalysatoren aufgezeigt. Durch den Einsatz verschiedener Techniken zur Charakterisierung 
war es möglich, die Mikrostruktur von IAD- Schichten mit Anatas- und Rutil- Strukturen zu 
beobachten. 

Zusammenfassend lässt sich feststellen, dass mit dem IAD-Verfahren hergestellte TiO2-
Beschichtungen durch UV-Bestrahlung und sichtbares Licht nicht nur einen 
Selbstreinigungseffekt zeigen, sondern auch eine antimikrobielle Wirkung entfalten. Diese 
Eigenschaften machen TiO2 Filme zu einem idealen Kandidaten für verschiedene Anwendungen 
in der Präzisionsoptik wie z.B. für Brillen und bei Laborgeräten wie Präzisionswaagen. 

Schlagwörter: Ionengestützte Prozesse, Photokatalytisch aktive dünne Schichten, Titandioxid, 
PVD 
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Abstract 

It has been an ambition of both researchers and industries for the past many years to produce self-
cleaning surfaces that have a good optical quality and photocatalytic efficiency, particularly with 
regard to a broader application. It is anticipated that the research described in this thesis will help 
to realize this aspiration by optimizing coating technologies and materials as well as to introduce 
standardized methods for surface analysis and the correlated photocatalytic efficiency. 

The primary focus of this thesis is to produce thin films using physical vapor deposition 
technologies (PVD), which involves the investigation of ion assisted deposition (IAD) and 
conventional thermal evaporation methods. To address this focus, the different operational 
parameters of two plasma ion-sources, one from Leybold (APSpro) and another from Denton 
(CC-105), were studied, as the operational parameters are essential in the production of 
transparent photocatalytic titanium dioxide (TiO2) thin films. The discharge current, voltage and 
gas flow were also varied in the ion-sources to ascertain the optimal parameters. Three coating 
machines were used in this research: SYRUSpro 1100 from Leybold was used with the ion-source 
APSpro, BAK 760 from Balzers with the ion-source CC-105, and BAK 640, also from Balzers, 
with CC-104. The selected deposition parameters for all three processes were those that are 
typically used to produce TiO2 coatings with suitable optical properties. 

During the research, a comparison was made between the photonic efficiencies for the 
photocatalytic degradation of the dye methylene blue of differently processed TiO2 coatings. The 
processes compared were that of IAD using CC-105, IAD using APSpro, the conventional PVD 
process, and commercially available photocatalytic active TiO2 glass. These comparisons showed 
that TiO2 films processed with IAD using the CC-105 source exhibited the highest 
photodecomposition rate and super-hydrophilicity effect, with the samples as well demonstrating 
antimicrobial activity towards test microorganisms. Another notable consideration in the 
production of TiO2 films is the correlation of its optical properties with the deposition 
temperature, evaporation rate, and various other deposition parameters of the ion-source. All of 
these were evaluated to find the optimal result. 

This research greatly isolated the significant role that the surface properties of the photocatalyst 
TiO2 play when coated using the IAD process, which has not previously been identified to such a 
degree. Additionally identified was the complicated relationship between anatase and rutile thin 
films, which has an important impact on the photocatalytic effect. 

The conclusion of this research is that TiO2 films produced using the IAD method have not only 
a self-cleaning ability, but also an antimicrobial effect both under UV illumination. As a result of 
these properties, PVD prepared TiO2 films are a distinct candidate for use in different applications 
involving precision optics, such as in spectacles, window glass, laboratory equipment, for 
example scales, and many more. 

Keywords: Ion Assisted deposition, Photocatalytically active thin films, Titanium dioxide, PVD 
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1. Introduction 

1.1 Motivation 

The focus of this research is to produce photocatalytic oxide layers and layer systems that show 

a high optical transparency and photoactivity by using ion assisted evaporation process with an 

additional emphasis on supplementary characteristics such as, super-hydrophilicity and 

antibacterial functions. A combination of photoactivity, super-hydrophilicity and an antibacterial 

effect enables these layered surfaces to decompose and eliminate organic and biologic waste 

compounds by using ultra violet (UV) or visible light, all while retaining its ‘environmentally 

friendly’ characteristics. The TiO2 layers used in this research were deposited using the physical 

vapor deposition (PVD) method and further improved by the ion assisted deposition (IAD) 

process. This was done in order to improve the previously mentioned characteristics. 

The combination of these TiO2 films having effective optical properties and a self-cleaning ability 

is a significant and highly recommended aspect when considering the production of thin films. It 

is much anticipated that both of these characteristics together will be greatly beneficial for 

technology application and future research [1-4]. As a result of the attention that this issue has 

gained, researchers have frequently proposed physical and chemical mechanisms to offer an 

explanation of the self-cleaning quality [5-7]. 

TiO2, owing to its pronounced photoactive properties, is deemed to be a good choice in the 

oxidation-reduction process. The photocatalytic effect, which can be explained by the absorption 

of UV quanta from the sunlight and the formation of holes and electrons, which react with the 

substances on the surface, is the mechanism that forms intermediate products that aid in the 

destruction of organic compounds. The exact correlation between the morphology of coated films 

and the self-cleaning effect using complex parameters of ion assisted deposition was previously 

not well understood. This research has successfully endeavored to resolve this, allowing for the 

development of thin films that can be used in multiple applications, such as high index materials 

and precision optics. 

To understand the different levels of photocatalytic activity and the parameters affecting it, thin 

films prepared under defined conditions have to be studied. The coating parameters have a direct 

impact on thin film properties like crystallinity, surface morphology and hydrophilicity. Besides 

generally important quantities of PVD-processes, such as, substrate temperature or pressure, the 

main objective of this research is to control the layer characteristics by the ion-source features. To 

quantify their influence, a careful characterization of the resulting thin films by appropriate 
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analytical techniques is crucial. The aim should be to find a suitable explanation for those 

apparent correlations. By doing so, it is possible to facilitate the production and use of laminated 

structures by creating a dense layer of atoms. 

From a more technical perspective this thesis is a pursuit to generate titania films that exhibit 

a hydrophilic property and also enable high photocatalytic activity. This has led to an analysis of 

different types of transparent mineral glasses and to a smaller degree plastic, so that their optical 

quality can be enhanced. 

In regards to commercial and industrial uses of this research, there is a high possibility for its 

application and much market potential for the plasma and ion assisted evaporation procedures. 

Not only do these procedures offer the ability to integrate with existing industrial implementation 

processes, but they also provide (1) adaptability of the process parameters for photocatalytically 

efficient high optical quality layers and layer systems, and (2) achievable suitability for different 

substrates and evaporation systems. 

Owing to rapid developments in the fields of nanotechnology, precision mechanics, thin film 

technology, and novel materials, a more precise knowledge of the surface characteristics and the 

quality control after processing is a vital challenge. Treatments that provide a self-cleaning ability 

to surfaces are both economically and commercially significant. This also makes the surfaces 

environmentally friendly by reducing the need for consumption of cleaning chemicals. Because of 

these characteristics, self-cleaning surfaces be applied in many fields, such as industry, traffic, 

construction, and have an immense worth in all the fields which employ them. They can, for 

example, save the time spent by workers on the cleaning of surfaces, while also maintaining 

a satisfactory standard of hygiene. Self-cleaning surfaces can also be applied to different 

transparent plastics which have good optical quality. 

The ultimate objective of this research is to design a process for transparent TiO2 films of high 

photocatalytic activity by surface modification. One of the auxiliary objectives to accomplish this 

primary was to correlate different thin film deposition process concepts, which may include 

electron-beam vaporization techniques or the use of various ion-sources, with the process of 

photocatalysis. These electron-beam vaporization techniques can produce, by selecting 

appropriate parameters such as substrate temperature or coating rate, dense layers that can 

effectively improve reproducibility of layer morphology. The water contact angle is used to 

evaluate the surface wettability and the reinforcement of the hydrophilicity by surface 

morphology, which corresponds to the self-cleaning effect. 
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1.2 Research Strategy 

1.2.1 Photocatalysis 

The term ‘photocatalysis’ refers to the process of photon-driven catalysis. In essence, the 

photocatalytic reactions, which include organic substrate degradation, occur on the contact 

surface and break down organic waste compounds by irradiation of light. This then allows the 

organic dirt to be easily washed away, making the photocatalysis process environmentally 

friendly and very easy to maintain [8-21]. 

To aid in the photocatalysis process a TiO2 semiconductor was used. It is well known to be the 

preeminent metal oxide for this purpose, and therefore has been the subject of many prior 

academic and industrial studies [22-28]. It also is a widely-used high refractive-index material in 

optical thin films due to its preferable band gap properties [29-33] and is well suited in the 

production of coatings that are transparent in a broad spectral range [34-35] , all of which make it the 

most promising of the known photocatalytic materials [36, 37].  

1.2.2 Ion and Plasma Assisted Process Concepts 

The main focus of this research was the implementation of IAD processes due to their many 

advantages compared to other deposition processes. The fact that IAD can be quickly and 

efficiently implemented to existing deposition systems, when used with ion-source equipment, 

gives this process one of its many advantages. This efficiency results directly in a lowering of 

both cost and time [38, 39]. The level of flexibility and control offered by the ion-beam techniques is 

an advantage to both processes when compared to other gas-discharge procedures. 

Another important aspect of the research was the optimization of these ion assisted processes, 

especially in regard to the production of TiO2 layers that are photocatalytically efficient under 

UV-irradiation. Ideally, the layers should have enough mechanical hardness, adequate optical and 

microstructure properties when tested against adverse chemical effects. Innovation in the 

optimization of photocatalytical processes was needed to achieve these properties. This has 

several central issues. Two of which are the mechanism of demineralization and the definition of 

promising coating parameters. Varying process concepts have been proposed using Denton’s CC-

105 ion-source [40-43], which was chosen as a result of its ability to generate inert and reactive gas 

ions of different energy levels. This ion-source was compared against Leybold’s APSpro [44], as 

together; they both represent state-of-the-art complete coating set-up technology and are used in 

today’s precision optics [45,46]. Generally, the ion-sources provide a great range of application 

where functional layering is required [47-53]. 
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The project management schedule followed in order to realize the previously described objectives 

was strictly adhered to, and is classified in three groups: First is the ‘management of process 

parameters’ group in which the coating parameters are defined. Next is the ‘coating and 

characterization’ stage in which the samples are coated using the defined parameters and then 

analyzed. The final stage is for ‘innovation and employment’ 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 accordance with the following schedule: 

First and foremost is the basis of this research: 

• Production of PVD thin films with and without ion-source and comparison between 

different deposition processes and parameters. 

Following this is a managed and continuous work process in the ensuing steps: 

• Rough parameterizing of ion assisted evaporating on the basis of thin layers from oxidic 

coating materials, predominantly TiO2. 

• Studies for subsequent pretreatment methods, such as cleaning steps and a plasma etching 

setup, and treatment techniques in the coating plant such as influence of temperature. 

• Innovation and employment of an on-line measurement system for demineralization of 

methylene blue. 

• Evaluation of the elementary characteristics of hydrophilic and antimicrobial layers. 

• Influence of the process parameters on the fundamental optical characteristics of 

monolayers. 

• Study of microstructure and adapted parameterizing of the photocatalytic performance.  

• Realization of the appropriate anatase phase, balancing in relation to the optical quality 

losses and homogeneity of titania layers. 

• Correlation between microstructure and functional properties of titania films. 

• Extension of the research area to visible light range photocatalytical activation. 

• Industrial application. 

The subsequent chapters in this thesis all focus on different issues. Chapter 2 first contains a 

thorough review of the existing research in the field of photocatalysis and coating processes for an 

overview of the current state of research. Chapter 3 describes the PVD processes employed in the 

experiments carried out for this research, while Chapter 4 gives the methods used to calculate 
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photonic efficiency of films, which includes the purposely developed system and software. 

Details of a two-path laser measurement system that is used to determine the kinetic performance 

of the TiO2 catalyst under well-defined light illumination conditions are also provided in Chapter 

4 and the results from this mechanism studies are discussed in Chapter 5. Chapters 6 and 7 present 

the structure, surface, and optical properties of titania thin films. In Chapter 8, correlations based 

upon the analysis and the experimental results are drawn, and conclusions are described. 

Inferences on how to optimize the functional properties of thin films under visible light are given 

in Chapter 9. This Chapter is also dedicated to possible future research in the field of 

photocatalysis, and discusses new and innovative uses of thin films. Succinct conclusions of all 

the chapters can be found at the end of the thesis. A bibliography can be found in Chapter 11. 



10 



2. BASICS 11 

2. Basics 

This chapter concentrates on a general overview of relevant research aspects carried out. These 

relevant topics are photocatalysis, TiO2 as a photocatalyst, crystal modification of TiO2, visible 

light and doping TiO2, methylene blue as a degradation model, anti-bacterial and self-cleaning 

effects, and deposition processing of titania thin films. Other related research discussed includes 

correlations between various factors influencing crystal structure, surface morphology, and self-

cleaning and optical quality. 

2.1 Photocatalysis 

The basis of the photocatalytic reaction studied in this research is the fact that TiO2 has a wide 

band gap of 3.2 eV and will generate electron/hole (e-/h+) pairs when illuminated (Equation 1).  

TiO� � �� 	
	
	��
		
������ 	TiO�	���	in	�� � ��	in	���		 Equation 1 

where Eg is the semiconductor band gap energy. 

The valence band (VB) potential has enough positive charge to generate hydroxyl radicals (·OH) 

on the surface of the thin films, and the conduction band (CB) potential has enough negative 

charge to form superoxide radicals (O2·
-) [54-56]. The role of photoexcited titania particulates then is 

to act as pools of electrons and holes which can be used in some multielectron transfer processes 

(Eq. 2a to 2d) [19, 57]. Therefore: 
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Equation 2 

2a 

2b 

2c 

2d 

where e-
tr is a trapped electron, for example as Ti3+, and h+tr is a trapped hole denoted here as 

a surface bound OH radical, i.e. as Ti-·OH [58]. The hydroxyl radical is a powerful oxidizing agent  
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and the organic pollutants that are present at or near the surface of the semiconductor are normally 

oxidated to CO2. This process can be given as such: 

 Equation 3 

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

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

 

Figure 1. The Photocatalytic Mechanism occurring in four steps. I and II: absorption of photon 

energy greater than the band gap energy of material and generation of photoexcited electron-hole 

pairs in the bulk. III: Reduction of acceptor (A). IV: Oxidation of Donor (D)
 [59]

.
 
 

To expand, Pathway I corresponds to the volume of the semiconductor particle and Pathway II to 

the surface, both showing the recombination of the separated electron and hole. The photoinduced 

electron transfer to adsorbed inorganic or organic forms to the solvent consequences from 

migration of electrons and holes to the semiconductor surface [60].The efficiency of the electron 

transfer process is greater if the species are pre-adsorbed on the surface [59].  

Pathway III shows that on the surface the semiconductor can donate electrons to reduce an 

electron acceptor, which is oxygen in an aerated solution.  

Pathway IV then exhibits that a hole can migrate to the surface where an electron from a donor 

species can combine with the surface hole resulting in an oxidization of the donor species. 

The positions of the band edges for the conduction and valence bands and the redox potential 

levels of the adsorbate species determine the probability and rate of the charge transfer processes 

for electrons and holes. The valence band hole can either be trapped at intrinsic oxygen sites or 

Organic +  𝑂2  
ℎ𝜈 ≥𝑏𝑎𝑛𝑑 𝑔𝑎𝑝 𝑒𝑛𝑒𝑟𝑔𝑦  
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  CO2 +   𝐻2𝑂 
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can influence organic species present in the solution. To give an example, with methylene blue 

decolorization, photogenerated holes h+ firstly induce the formation of the dye radical cation 

MB•+ which is converted to MBOO•+ by O2 
[61]. Conversely, later in the degradation process the 

peroxy radical additionally reacts further to thionine and inorganic acids and CO2 is lastly formed 

after a series of photocatalytic reaction steps via the intermediates aniline, 4-nitroaniline and 

acetic acid. 

2.1.1 Photocatalytic process 

The mechanism of Photocatalysis with TiO2 is provided in full in the Chapter 4, but a summary is 

given below. 

Numerous metal oxide and sulfide semiconductors have band edge positions outside the reduction 

potential of O2/O2
-
·and ·OH/H2O. They cover TiO2 (Ebg= 3.0~3.2 eV), SrTiO3 (Ebg = 3.2 eV), ZnO 

(Ebg = 3.2 eV), and CdS (Ebg = 2.5 eV) (Figure 2). Yet, among these semiconductors, TiO2 has 

proven to be most inexpensive and suitable for widespread environmental applications. It is 

chemically and biologically inert. Compared with other semiconductors, TiO2 is stable with 

respect to photo-corrosions and can be used over prolonged periods.  

 

Figure 2. Band edge positions of selected semiconductors (e.g.TiO2: 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
+
/H2 and O2/H2O redox couples, important for water splitting, are also specified. 

TiO2 has a wide band gap and generates electron/hole (e-/h+) pairs when illuminated. The redox 

potential of the H2O/*OH couple (-2.8 eV) lies within its band energy, so that it can be used for 

water splitting [29].  
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There has been a large quantity of literature concerning the mechanism of the photocatalytic 

effect since the discovery of the electrolysis of water on TiO2 electrodes by Fujishima and Honda 

in 1972 [1]. After this, the potential application of titania as the most efficient photocatalyst has 

been the driving force behind the development of ‘easy-to-clean’ surfaces exhibiting 

photocatalytic degradation of organic pollutants (Figure 3) [60,62].  

 
Figure 3. Mechanism explaining the addition of H2O and proton H+ Shift on the titania surface [60]. 

The hydroxyl radical is a powerful oxidizing agent and organic pollutants are present at or near 

the surface of TiO2, resulting in their complete oxidation to CO2 
[2, 63, 64]. In heterogeneous 

photocatalysis systems, photoactive properties of adsorbate molecules and catalyst substrates 

determine the chemical transformation [60, 65-67]. For inert oxide substrates, it is between the 

adsorbate molecules where electron transfer takes place. The function of the catalyst is only to be 

a platform for efficient molecular interaction [68]. Photoactivity of catalysts is influenced by 

various factors, namely morphology, crystalline quality, particle size, size distribution, phase 

composition, porosity, density of hydroxyl groups, band gap and surface area [69]. 

TiO2, as the most well-known photocatalyst, has a proven ability of catalyzing decomposition of 

dye under light, and in the presence of oxygen. Since there are many other authors who report the 

same, just as an example of the experiments conducted in 2007 by Faisal et al. [66], Dulay et al. [70], 

Hurum et al. [71]. It was found that Degussa P25 has a higher photocatalytic activity than other 

TiO2 powders. Optimum photocatalytic efficiencies are exhibited at pH 10 and pH 4.6. At alkaline 

pH, this efficiency is attributed to hydroxyl radicals forming on the TiO2 surface more efficiently 

with increasing concentration of hydroxide ions.  

Research shows that it is very important to adapt the light source (the type of lamp used, type of 

filter and/or reflector and/or diffuser used; intensity of radiation, spectrum of the incident 

radiation), oxygen amount, whether dissolved in the solution scavenges the electron generated, 

preventing the recombination of electrons and holes, pH conditions depending on the kind of 

defined pollutant parameters to achieve high degradation rates. As seen in the literature, phenol 
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conversions were found to be more important for acid than for basic media, Okamoto et al., 

(1985) [72] and Serpone et al., (1996) [58] have reported that pH 3 was the optimum for the 

photocatalytic decomposition of phenol. This photocatalytic degradation was complete after 

5  hours  [2, 60, 73, 74]. 

A new approach was suggested in 2003 by Hurum [71] in that they used the electron paramagnetic 

resonance (EPR) to characterize the behavior of the excited electrons. They reported that the 

electrons are first changed from rutile CB to localize states (traps) having their energy level in the 

anatase band gap, then to anatase particle surface. This model requires that the rutile phase, as 

well as the anatase phase, is present, which can be valid for e.g. P25. This application can be 

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

under close to visible light, it is able to absorb more photons that contribute to an increase in 

global efficiency. Figure 4 elucidates the two different approaches: the original theory and 

Hurum’s approach. At any rate, it seems clear that the strength of Degussa P25 is the contact 

between rutile and anatase that allows charges separation at the interface of the two titania phases. 

The aim these two new approaches is to understand the requirement of anatase and rutile contacts 

for the prepared IAD titania films.  

 

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, 75]

.
 
(B) Proposed rutile antenna model and following charge 

separation (proposed by Hurum on 2003) 
[71]

. 
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2.1.2 Coated TiO2 as a Photocatalyst and Microstructure Influence 

(a) Surface Structure of TiO2 

Nanoparticle-based Titania photocatalytic gradient coatings can be deposited on various 

substrates, including plastics [68, 76, 77]. In order to obtain a better UV light trapping ability, 

Japanese researchers Nuida, Kanai, Hashimoto, Watanabe, and Ohsaki designed a TiO2 deposited 

Al mirror with a self-cleaning ability [63, 69]. The surface prepared in their research showed 

improved photocatalytic efficiency, from 1.2 to 1.4 times more efficient, and a hydrophilicity rate 

that was 3.3 times improved as compared with single TiO2 layered glass of the same thickness [78]. 

Hashimoto, et al [22]. have shown that the surface structure of TiO2 changes after UV irradiation, 

forming a metastable state. However, they have not yet obtained a definition of this state which 

could be caused by an increase in the number of hydroxyl (OH) groups on the TiO2 surface. They 

proposed a mechanism for the highly hydrophilic conversion under UV light illumination, as 

shown in Figure 5.  

To give further details, the photogenerated holes produced in the bulk of TiO2 diffuse to the 

surface and are trapped at lattice oxygen sites.  

Most trapped holes are consumed to react with the adsorbed organics directly, or adsorbed water, 

producing OH radicals. However, a small portion of the trapped hole may react with TiO2 itself, 

breaking the bond between the lattice titanium and oxygen ions by the coordination of water 

molecules at the titanium site. The coordinated water molecules release a proton for charge 

compensation, and then a new OH group forms, leading to the increase in the number of OH 

groups at the surface. It is considered that the singly coordinated new OH groups produced by UV 

light irradiation are thermodynamically less stable compared to the initial doubly coordinated OH 

groups. Therefore, the surface energy of the TiO2 surface covered with the thermodynamically 

less stable OH groups is higher than that of the TiO2 surface covered with the initial OH groups. 

Because a water droplet is substantially larger than the hydrophilic (or hydrophobic) domains, as 

shown in Figure 5, it instantaneously spreads completely on such a surface, thereby resembling a 

two-dimensional capillary phenomenon [79]. 
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Figure 5. Schematic illustrations of reversible changes in amount of hydroxyl groups on TiO2 film 

under UV light irradiation and in the dark 
[79]

.
 
 

Following is a quick citation example of the literature, as the focus of the work has already been 

defined for thin films. Shape, size and the crystalline phase of TiO2 nanomaterials can be 

determined. The morphology of TiO2 transforms, from particle to rod-like and bowknot-like, 

when the pH of a solution increases, and the crystalline phase changes from anatase to brookite. 

The diameter of the nanoparticles reduces with an increase in the acidity in the system, with the 

smallest being 7 nm, exhibiting a higher surface area and photocatalytic efficiency for the 

degradation of phenol [80]. 

When compared made by conventional PVD thin films, mesoporous TiO2 thin films could be 

more photocatalytic, mainly due to a higher active surface area [81-86]. The highest photocatalytic 

activity and the slowest conversion rate, hydrophobic and hydrophilic state, have been observed 

in mesoporous thin films calcined at 400 °C, when the films are composed of both anatase and 

rutile phases [81]. In this case, the equilibrium adsorption of methylene blue on the film relates to 

0.575 x 1014 mol/cm2. For example, the surface area engaged by a molecule MB was calculated to 

be approximately 0.615 nm2; the monolayer on an area of 1 cm2 contains 1.63 x 1014 molecules. 

The limiting of MB relates to 53.4% of monolayer coverage, which is a result of this calculation. 

Otherwise, the effects of calcination temperature on BET surface areas are 69.9, 10.5, and 2.7 for 

500, 700, and 900 °C, respectively [87].  

It has been further demonstrated in other studies that mesoporous TiO2 can be successfully 

synthesized with a sol-gel method, and 450 °C calcined sample was approx. 2 µm, surface area: 

212 m2g-1, pore size: 6.2 nm, and crystal size: 8.2 nm [88]. Mesoporous TiO2 films were used in 

other studies as the template matrices, with the mesoporosity defined as narrow pore size 

distributions and synthesis through sol-gel technique.  
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Films deposited on ITO-coated glass considerably differ in their porosity characteristic to those 

prepared on glass slides; their porous system displays a bimodal pore size distribution. This 

results from the shape of the adsorption isotherms, as adsorption and, especially, desorption 

branches show two regions of steep increase and decrease in the quantity of adsorbed Kr [89]. As a 

mesoporous film comprises of anatase pore walls and voids filled with air, such an index of 

refraction, is an effective value corresponding to a porosity of 37% for mesoporous layer. This is 

only slightly larger than that revealed from the Kr adsorption experiment (30%) [81]. 

There are limited consistent studies investigating the effect of the thin film microstructure on the 

photocatalytic activity. The film crystallinity is usually the main topic of interest, with the grain 

structure and porosity being commonly ignored, which is surprising as the film porosity especially 

influences the active surface area, in turn having a strong effect on the photocatalytic activity. 

There are previous studies that to show that the film microstructure is strongly related to the 

photocatalytic activity of the TiO2 thin films [90, 91]. The thin film surface area can be increased by 

increasing the porosity. The dimensions and the nature of the organic substance to be broken 

down are important for obtaining the minimum pore size. The thickness of the thin film, 

especially for high porosity, is also important due to the depth of the pores and the increased 

active film surface area [92, 93]. 

The environmental stability and the precise desired quality of optical IAD coatings are in large 

part limited by the film microstructure porosity, more than the porosity. The reason for this is in 

IAD thin films on transparent glass, the primordial effect is the microstructure. 

One focus of this thesis is to ascertain two points. One being whether the titania microstructure 

beneficially enhances the transfer of photo-generated electrons from the anatase phase to the rutile 

phase. The other is the reduction of the electron–hole combination rate in anatase resulting in an 

enhanced activity. The increase of photoactivity and hydrophilicity can be deduced by specific 

high surface areas, mesoporous structures, sufficient surface hydroxyl content and the degree of 

surface roughness [87]. The question is whether IAD samples should or should not be mesoporous, 

and using which coating parameters. 

The mesoporous phenomena discussed here was used as a comparison to the IAD samples. The 

benefits of mesoporous thin films are not usable in the degradation of a solid adsorbed layer as 

their activity remains low. However, but such films can be of good use when initiating 

photocatalytic degradation processes in the gaseous phase [94]. TiO2 films prepared using r.f. 

magnetron sputtering in O2/Ar mixture on cold temperature; 50 °C to 60 °C, silicate glass 

substrate show a growth of anatase and rutile phases.  
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Deposition processes modeling has advanced by now defining design rules and spacing to avoid 

porosity to influence the optical quality. Fractions depend on pre-treatment parameters in these 

cases; with an increase in the total pressure leading to a rutile phase showing a tendency to 

convert to anatase. XRD measurements of these films show a dependence of morphology on the 

thickness of the thin films in that once the thickness exceeds 65 nm, the amorphous structure 

converts to anatase phase, with some trace of rutile phase. Pure anatase phase is achieved with a 

thickness of 185 nm, and shows the best photocatalytic activity. Experiments show that a 

correlation exists between photocatalytic activity and anatase phase and size of anatase grains [95]. 

(b) Microstructure of TiO 2 

TiO2 has 11 allotropic forms: anatase, rutile, brookite, TiO2-B  ‘bronze’ and seven high pressure 

phases of TiO2. These latter phases do not occur in nature and they are synthesized by high 

pressure treatment of anatase or rutile [18]. 

Anatase is used in most research regarding photocatalysis [8, 28, 60, 96], mainly due to its more 

thoroughly characterized aspects when compared to rutile (such as electronic behavior and bulk 

structural). This high usage is mainly a result of the preparation methods used in that it is, for 

example, easier to generate anatase than rutile at temperatures below 600 °C. It is only possible to 

obtain rutile above 800 °C, the transition temperature to the thermodynamically most stable phase 

rutile [28].  

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

thin films [97-100]. TiO2 crystallizes depending on, for example, the titanium precursor and the 

applied temperature in the well-known phases: anatase, rutile, and brookite. The anatase phase is 

regarded as being the most suitable for photocatalysts, especially the {001} facet [97], while the 

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

refractive index. 

The following Figure 6, shows that all arrangements are a build-up of TiO6 octahedra forming 

a three-dimensional network, a regular assembly of long parallel chains and a regular assembly of 

somewhat staggered chains with anatase, rutile and brookite, respectively.  

Table 1 shows the crystal parameters of the different TiO2 forms. 
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Figure 6. Crystal Structures of Titanium Oxide. Fragments from the crystalline arrangements of 

(a) anatase, (b) rutile and (c) brookite 
[101]

. 

 

Table 1. Cell parameters and density of TiO2 forms, ρs is the selection density 
[102]

 

 

Form a (Å) b (Å) c (Å) β (°) ρs (cm3.g-1) Space group 

Rutile 4.594 4.594 2.9586 90 4.25 P42/mnm 

Anatase 3.777 3.777 9.501 90 3.92 I41/amd 

Brookite 12.163 3.735 6.513 107.29 3.76 C2/m 

 

2.1.3 Industrial Application of TiO2 Photocatalyst 

The role of nanotechnology in the production of photocatalytic, super-hydrophilicity and 

transparent thin films is pivotal, and multiple uses of surfaces deposited with thin films make this 

subject essentially interdisciplinary.  

The possibility to photocatalytically improve the hydrophilicity of TiO2 surfaces has been 

researched since 1995 and substantial amounts of research have been conducted on the 

morphology and structure of thin films, photochemistry, practical applications and the ways to 

improve photocatalytic characteristics (Figure 7) [2, 66, 79, 103].  

Development in this field of TiO2 photocatalysis is still ongoing, yet Hashimito and Fujishima 

believe that its rapid advancement over a ten-year span serves as one of the best examples of how 

scientific knowledge can develop and produce a new industry. 
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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 TiO2 is biased by numerous features, including film thickness, 

surface area, degree of crystallinity and crystallite size. The microstructure and porosity of the 

thin films can expand the surface area. The thickness of the thin film is important. For high 

crystallinity it is advantageous and alluring to minimize the number of grain boundaries, such as 

to increase the grain size. This is in opposition to the desire to increase the surface area, such that 

a typical grain size range of approximately 10-20 nm is deemed an optimum compromise between 

these two concerns. Anatase is reported to be the most photoactive phase of the three most 

common TiO2 crystalline phases, making this is one of the reasons why most studies labor with 

crystalline anatase thin films. Anatase is also the crystal phase which forms most easily for small 

grain sizes and at the processing conditions is commonly used. Crystalline thin films for many 

techniques can only be achieved when heated during or after coating, thereby limiting the 

substrate material choice and making most polymers not applicable. 

Additionally, uptake of sodium or other detrimental contaminants from the substrate must be 

avoided [3, 77]. TiO2 films are usable in various commonly-known commercial products, such as 

medical equipment, or mirrors used in automobiles and windows [12, 79, 104]. Researchers have 

struggled to determine optimal parameters, such as light intensity or reactor set-up, for the 

utilization of TiO2 in the deposition of thin films [8, 11, 81, 105]. 

A good amount of work has already been done in the field of photocatalysis in the last 2 decades, 

most of which shows that deposition methods and the use of TiO2 coatings are not limited in their 

scope to the sophisticated industrialized economies. As an example, it has been proposed that it is 

worth researching the uses of solar photocatalysis to detoxify water contaminated with pesticides, 

which can be useful for an agrarian society [106]. Other research has concluded that it is possible to 

develop easy-to-use methods that can then be employed in urban and semi-urban areas of 

developing countries for the degradation of contaminants [107]. TiO2, along with solar energy, is 

more useful for disinfecting water than solar energy alone, and as a catalyst it ensures safe usage 

that is both suitable and reusable. Many vigorous attempts have been made to explain this ‘easy to 
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clean’ phenomenon by analyzing it from various aspects [2, 79, 108]. Outside during the daytime, 

there are typically several hundred milli-Watts per square centimeter of UV light even in the 

shade, which is low from the overall vantage point of energy density. However, this is huge when 

compared to molecules adsorbed on the surface as this amount approximates to 1015 of 

photons/cm2 per second. It should however be noted it is only when the number of incident 

photons is greater than that of molecules gathering on the surface per unit time that this function 

is effective. Put simply, this is not an effective function when the flux of photons is insufficient 

compared to that of the organic substances [22, 79]. 

Research completed using TiO2 on coliform proves that this decreases the concentration of 

coliform in under 10 minutes, and also prevents their regrowth after photocatalytic 

disinfection [109]. Recent research shows that there is an environmental possibility of making 

photocatalytic water treatment technology more commercially viable for industrial application via 

the use of TiO2-Kaolin [110]. Another useful application of TiO2 in the field of environmental 

sciences is the complete mineralization of toxic organic pollutants. Photocatalysis provides a 

clean, attractive, low-temperature, non-energy intensive approach to dealing with pollutants in 

water and wastewater, which has caused it to be a focus for the environmental sciences, with the 

role of TiO2 in the destruction of pesticides researched by Shankar et al. (2004) [111] as an 

example. This expressed research shows that TiO2 enhances the photocatalytic degradation of 

monocrotophos MCP which is a widely used and extremely toxic organophosphate insecticide, 

making TiO2 even more commercially viable. For the complete mineralization of MCP, TiO2 

takes 540 minutes and less than 420 minutes when supported by Hβ zeolite. Resulting from 

increased adsorption of MCP, Hβ supported TiO2 is more active towards degradation than other 

catalysts, and therefore optimum loading of TiO2 on zeolite surface alone can improve the 

degradation rate. TiO2/Hβ zeolite has been discovered to be the best in synthesis activity of 

isomer 5. Organic reactions on solid supports have garnered much attention of late as a result of 

the advantages these catalysts possess, such as their environmentally friendly nature, acidic 

properties, the high purity of the products, shape-selectivity [112, 113], their easy work-up [114], and 

their recyclability and cutback in waste production [115]. Hβ zeolite also shows higher photonic 

efficiency in degradation and mineralization [111].  

Another advantage of TiO2 is in its industrial application to reduce the air pollution (Figure 8 left). 

Research recently completed in the U.S. to determine the abrasion and wear resistance properties 

of TiO2 and its impact on the environment shows that the wearing of the samples with 5% TiO2 

provided a small decrease in the coating NO removal efficiency of 26.9%. However, the sample-

wearing with 3% TiO2 gave a slightly improved NO removal efficiency of 18.0% [111]. EDX 

analysis confirms that during intensive utilization, the relative concentration of Ti on the 
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specimens did not substantially change, as compared to the original samples. The dependence of 

the NO removal efficiency on humidity, coating composition, and flow rate has to be further 

investigated to evaluate the potential of releasing nanoparticles into the environment prior to 

validation of technological efficiency [116]. 

 

Figure 8. Examples of industrial application of titania photocatalyst. Left: air purification in 

automobile industry. Right: glass quality in windows industry 
[117]

.  

While general industrial use is both possible and useful, an important utility of TiO2 layers or 

multi-layers is in the optical industry (Figure 8 right) if a high optical transparency can be 

preserved. Dense TiO2 thin films can be deposited using different processes, such as sputtering 

and IAD [118]. Research has been carried out to improve optical quality of thin films which, in 

technical terms, depends on their refractive index. One of these studies by Gracia et al [119] in 2006 

on a variable refractive index prepared using ion-beam and plasma enhancement confirms that the 

porosity decreases the value of n. This correlation has been noted specifically with thin films 

prepared with Plasma-Enhanced Chemical Vapor Deposition (PECVD) involving high amounts 

of Ti. Films prepared with Ion-beam Induced Chemical Vapor Deposition (IBICVD) show the 

opposite results, hence leading to the conclusion that the presence of Ti affects the ‘polarizability’ 

of ions and optical properties of thin films. This method might be worthwhile in quantifying 

optical ultrathin films, for example 10 nm, where it is difficult to determine n via other optical 

methods [120]. This paper shows that there is a linear correlation between the Auger parameter in 

mixed oxides and the electronic polarizability gained from the refractive index through the 

Lorentz-Lorenz relationship. Additionally, due to economic and technical disadvantages, the 

CVD process is no longer productive in the coating of the most well-known commercial 

photocatalytic glass product, Pilkington Activ™ [121]. 

Corrosion current density and the corrosion rate of multilayers on the basis of titanium were 

found through examination of the potentiodynamic polarization curves [122]. The corrosion current 

density for the TiN+multiTiAlSiN+TiN coatings coated by PVD process is 0.36 µA/cm2 and 

TiC+Ti(C,N)+Al2O3+TiN deposited by CVD procedure is 0.21 µA/cm2, which attests to good 
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anticorrosion properties of the PVD methods. Resulting from the use of the multilayered 

deposition in the PVD procedure, these good properties are associated with better options of 

corrosion prevention. The successive deposition of coating layers can neutralize failures, such as 

crevices, pores or columnar structure occurring in the event of the single layer put down in the 

deposition process. In this way, the corrosion agents' path is longer or blocked. 

Concurrent to these studies, it was found that coatings deposited by PVD and CVD methods 

display high corrosion resistance. The best results were obtained for the coatings deposited 

through the PVD process [3]. The obtained results are the basis for the optimization of resistance 

of the PVD and CVD coatings deposited onto the substrate. The influence of PVD-IAD methods 

has been studied in this thesis to understand the hardness of the surface [123]. 

Pilkington Activ™ glass is presently widely known to be produced by the CVD method, or by the 

PVD, and demineralization tests conducted on anatase Pilkington Activ™ using Reactive Black 5 

and Acid Blue 9 in air-solid system exhibit average agglomerate with a particle-size of 95 nm in 

diameter. Characterization results show faster decolorization of Acid Blue 9 under solar 

irradiation as compared with laboratory photoreactor experiments conducted for 8 hours of UV 

exposure, but in both cases there was still no difference in the number of incident photons 

reaching the surface. Chin and Ollis [121], concluded that the demineralization curve exhibited the 

pseudo-first order initial rate constant. Anatase was the only phase revealed. The colored dye 

formed a colored intermediate and experiments under sunlight exposure on the ActiveTM glass 

decolorized AB9 faster than the laboratory photoreactor experiments after 480 min of UV, and 

then finally turned to a colorless product. It is hypothesized that the additional UV-B photons in 

this light spectrum and the higher outdoor water vapor density account for the differences 

between the sunlight versus the black light-blue activity. 

It can be understood from the previously mentioned literature that TiO2 thin films can be 

deposited with a variety of wet chemical and vapor deposition based techniques, the most popular 

being sol-gel, chemical vapor deposition (CVD), and a physical vapor deposition (PVD) 

procedure, magnetron sputtering. Other than the deposition technique used, it is necessary to 

control the deposition parameters in order to produce thin films that realize the basic high surface 

area and good crystallinity requirements. There are many techniques in which heating during or 

after deposition is the only way to gain crystalline thin films [30, 54, 55, 124, 125]. 

The problem of the constantly increasing air pollution affecting urban areas has recently driven 

researchers to take advantage of photocatalytic characteristics to reduce the toxic substances 

contaminating the atmosphere. Italcementi was the first industrial 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) NOX, SOX, NH3 (gas). 

2.1.4 Visible Light and TiO2 Doping 

Previous research involving the photocatalytic rate expression has observed that the 

photocatalytic activity is enhanced by addition of silver [127]. To an extent, exposure to UV light 

after calcination of Ag-TiO2 treated films can improve photocatalytic activity. This is due to the 

structure modification of doped titania. The detailed investigation on the XRD patterns of the 

silver-doped TiO2 powders demonstrated that the doping of metal ions with less oxidative states 

than IV produced the deficiency of O vacancies in TiO2. Research on the oxidation of methylene 

blue shows that aqueous solutions can photosensitize the process with the help of dissolved 

oxygen, while experiments conducted prove that there is a correlation between titania films of 

different thickness and the rate of reduction of an ink film, which is simpler to use and acts faster 

than dye solutions [79, 128].  

TiO2 thin films with the ability to work under visible light (λ > 450 nm) can be deposited with the 

help of IAD and metal ion-implantation. Molecular calculation of such prepared thin films show 

that for making TiO2 films capable of absorbing visible light it is beneficial to modify TiO2 to be 

able to absorb this light. Thin films prepared with this method can cause effective degradation of 

water and air diluted toxic compounds under visible light [129]. 

XRD measurements of TiO2-Ag composite thin films reveal that pore-less films show the anatase 

phase TiO2 and porous films show a mixture of anatase and rutile TiO2 phases [78, 130, 131]. 

Photocatalytic activity in such thin films can be improved by making porous structure or by 

introducing active elemental Ag. In the experiments conducted in this area, medium sized PS200-
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Ag composite films were observed to have the best photocatalytic activity. This was concluded on 

the basis of the fact that methylene blue was demineralized completely after the films were 

exposed to UV for 7 hours [132]. Self-degradation of methylene blue under UV and physical 

adsorption pure TiO2, PS-TiO2, PSTiO2–1% Ag, and PS-TiO2–5% Ag thin films exhibited 43%, 

68%, 72%, and 69% degradation, respectively [133]. This co-doping might increase photocatalytic 

activity on degradation of methylene blue under visible light irradiation. The experiments show 

that interfacial charge transfer on films is the main factor in photocatalytic reaction [134]. 

In regards to Ag, also used for IAD doping of TiO2 thin films in this research, their electrons 

become excited and transform to adsorbed oxygen with the formation of O2 when irradiated with 

the light of their Plasmon resonance wavelength. The Ag nanoparticles are subsequently oxidized 

by O2- to colorless Ag+ ions [135, 136]. These Ag+ ions are reduced in the presence of TiO2 by the 

excited electrons, and Ag nanoparticles are reformed. Therefore, recombination of the electron 

and hole prior to the superoxide activation step is a limiting factor of the photocatalytic 

reaction [137]. Silver has been shown to have a beneficial influence on the photoactivity of 

nanocrystalline semiconductor photocatalysts [138, 139]. It has been reported that the combination of 

semiconductor substrate and metal cluster give improved photocatalytic activity through trapping 

the photoinduced charge carriers and thereby improving the charge transfer processes [140-142]. 

Doping with Ag is especially advantageous for industrial use. A comparison of undoped and Ag-

doped TiO2 thin films with separate doping concentrations and different annealing temperatures 

shows that the films heated at 100 °C held kinetics equal to that of low methylene blue 

degradation. In contrast to this, the Ag-doped samples annealed at 500 °C showed enhanced 

photocatalytic activity, which can be attributed to a charge separation mechanism which hinders 

the recombination of photogenerated pairs, and also to Ag, which helps increase the TiO2 

dispersion [143, 144]. There are papers on the suppression of photocatalytic activity beyond the 

optimum loading level as a result of separated phases of the oxides of the dopants [145], the 

reduction of the active sites on photocatalyst [146], the increase of electron-hole pair recombination 

at the doping sites [147] and at the oxygen vacancies [148, 149]. Each TiO2 type had its own optimum 

loading level, which was dependent on the agglomeration behavior, dispersion and coverage of 

the Ag on each TiO2 type. This behavior affected the photogenerated charge separation, the 

number of reaction sites and the photon flux. Small particles tend to have high, while large 

particles tend to have low Ag contents as optimum loading levels. 

The idea from this literature research is to conclusively prove this result for IAD samples and to 

try to gain a first impression of the capacity of enhancing 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 procedure or reference sample for measuring the 

photocatalytic activity of TiO2 thin films, meaning that it is difficult to compare results between 

laboratories or different measurement setups. In 1999, Mills and Wang concluded that in photo-

degradation processes, photobleaching of MB, initiated by TiO2, in aqueous solution is considered 

to be ambiguous and is not favored by scientists [61]. However, these conclusions were challenged 

and disproved later. For instance, in the last few years, certain authors proved that TiO2 and other 

surfaces react with MB to calculate the photocatalytic activity what needs to be taken care of are 

the standard parameters and avoidance of materials with low absorbing capability [123, 150]. Using 

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

5 W/m2 have been calculated for substrates comprising quantum efficiencies greater than 

ζ = 0.09% for colloidal TiO2 prepared via controlled hydrolysis [151]. To calculate the photonic 

efficiency of transparent thin films, successful attempts have been made for developing automated 

experimental systems by in-situ measurement of demineralization of methylene blue [152, 153]. Yet, 

methylene blue is an effective photosensitizer, as they possess triplet states of appropriate 

energies for sensitization of oxygen. Triplet energy ET is equal to 32 (kcal mol-1) [154]. Methylene 

blue is a phenothiazinium dye with a strong absorbance in the range of 550 - 700 nm, and 

a significant quantum yield (ф∆ = 0.52) [155]. 

Using the same principle as described, and with quantifying the measurement data as a goal, 

a software algorithm was developed based on LabVIEW (developed by National Instruments) 

with the intention of speeding up the evaluation of the photocatalytic process information. This 

created measurement system is appropriate as being compliant with the German Institute for 

Standardization (DIN) 52980 standard  and by using the demineralization method as a basis, it 

calculates the photonic efficiencies of the coated samples. 

As has been previously mentioned in this chapter, with methylene blue degradation, as an 

example, photogenerated holes h+ at first induce the formation of the dye radical cation MB•+ 

which, is converted to MBOO•+ by O2. The photobleaching of MB, provoked by TiO2, in aqueous 

solution is shown by Mills [61] to be a rather ambiguous system. As expected, the TiO2-sensitized 

photobleaching of MB is not reversible in an oxygen-saturated aqueous solution as the MB 

reaction was a result of an oxidative process. However, leucomethylene blue (LMB) is initially 

generated in an acidified solution, using the photobleaching process in an oxygen-saturated 

solution. This situation is due to LMB reacting very slowly with oxygen to form MB when under 

acidic conditions. Although continued irradiation eventually leads to the complete mineralization 

of the dye, the initial observed photobleaching of the dye is not by necessity a result of the dye 

oxidation, especially if the reaction is done under conditions favorable to LMB formation. 
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Subsequently, the favorable conditions are generally discussed and brought into accordance with 

the standardization of photocatalytic effect using methylene blue. This will be generally used for 

PVD-IAD samples. The overall degradation of methylene blue (C16H18N3SCl) with oxygen is 

summarized in the following equation:  

CFGHFH NJ	 SCl � 25.5O� NOPQ�RS	�	J.�	TU������������� HCl � H�SOV � 3HNOJ �
																																																							16CO�		 � 6H�O  

Equation 4 

Figure 10 describes the formation of the reduced and colorless form of methylene blue, 

leucomethylene blue, which represents a good indicator for the start of the photocatalytic reaction. 

Since the discoloration can be easily observed by UV-Vis spectroscopy or photometry, it was 

used in this study to evaluate the photocatalytic activity of TiO2 films prepared with different 

synthesis parameters.  

 
Methylene blue                                                           Leucomethylene blue         

(Blue color)                                                                 (Colorless)                                                   

Figure 10. Photobleaching of methylene blue. 

A methylene blue solution manufactured by Carl Roth GmbH was used at a concentration of 

10 µmol/l. Methylene blue solution possesses benzoide and chinoide ring systems. 

Methylene blue was chosen as the best way to demonstrate the photocatalytic activity and 

calculate the photonic efficiency. The objective of the methylene blue study was to correlate the 

use of different ion deposition process parameters in order to produce TiO2 films of different 

packing densities to the resulting photocatalytic properties, thus obtaining materials for self-

cleaning optical components. 

2.1.6 Anti-Bacterial and Self-Cleaning Effect 

Nanocomposite materials can be very advantageous for making thin films anti-microbial. This can 

be especially helpful on surfaces that cannot be sterilized by using high temperature. 

Nanoparticles are environmentally friendly and highly economical in industrial processes, and 

they produce highly stable thin films. Hygienic properties make thin films produced with 

nanoparticles an ideal choice for being used on medical equipment [156]. 
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In experiments done on antibacterial membranes using apatite, Ag, AgBr and TiO2 show that their 

employment for this purpose gives very suitable results, which are attributed to the synergetic 

action of these four components and the unique porous structure and high surface area of nano-

fibrous membrane. Each component in this antibacterial membrane provides a different function: 

the hydroxyapatite captures bacteria by acting as the adsorption material; the Ag nanoparticles act 

as the release-active antibacterial agent; the AgBr nanoparticles act as the visible sensitive and 

release-active antibacterial agent; and the TiO2 acts as the UV sensitive antibacterial material and 

substrate [131, 157].  

Especially, when experimented with E. coli, it was discovered that addition of electro-spun 

membrane can substantially improve anti-bacterial effect on Escherichia coli as compared to the 

use of these very components in powder form. Permanence of anti-bacterial activity of these 

membranes is another noticeable feature [158]. 

It is also possible to give self-cleaning ability to the thin films, which further enhances their 

practical anti-bacterial use. For example, polyvinyl difluoride (PVDF) membranes containing 

TiO2 have a better antifouling and self-cleaning ability as compared with simple PVDF 

membranes [7]. Also, photoacoustic technique analysis shows that sol-gel TiO2 films have a good 

ability to eliminate micro-organisms which contaminate river water [105]. 

To understand the antimicrobial effect, some research has been done on stainless steel substrates 

AISI 304. The results show that with a growth rate of 5 nm/h, columnar-grained TiO2 thin films of 

anatase phase structure can be produced by magnetron sputtering. For the anatase phase, if 

oxygen supply is increased with the pressure of 0.5 Pa and the deposition time is extended to 

30 minutes or more, the resulting thin films can have the maximum photocatalytic activity and 

antimicrobial activity. Hence, it is the anatase phase which determines the level of photocatalytic 

activity and consequently the antimicrobial activity. The tests from which these conclusions were 

drawn were carried out on Staphylococcus aureus and Escherichia coli [159]. 

Another possibility is to produce thin films with antimicrobial and photocatalytic properties that 

can work under the UV light of domestic fluorescent lights. Successful experiments have been 

conducted for this on indoor paints, using nano ZnO coatings, in which these coatings proved to 

be more photocatalytic and antimicrobial than nano TiO2 
[160]. 

Due to their possible antimicrobial application, photocatalytic titanium dioxide films have been 

researched over many years [133, 134]. A methylene blue solution has been used to test the 

photocatalytic activity of the deposited titania films, and antimicrobial effect analyzed by way of 

the ‘sarcinia lutea’ standard. A gram-positive bacterial strain, such as Sarcina lutea, was used for 



30 

this test for coated and uncoated samples. The cells were cultivated under optimal conditions. The 

cell number was established by cultivation (Rodac-Agar plates) and measuring colony-forming 

units and the samples were also examined in a dark environment as a reference [129, 132].  

2.2 Production Processes of TiO2 Thin Films 

In the production of TiO2 thin films, there are different deposition processes that can be selected 

from (Figure 11). The two main categories are ‘Transformation’ and ‘Separate’. Under 

‘Transformation’ there are two possible ways to carry out deposition, i.e. through thermal 

oxidation or doping implantation diffusion. The processes falling under the head of ‘Separate’ can 

be further sub-divided in three categories, that of ‘Chemical Vapor Deposition’ (CVD), ‘Physical 

Vapor Deposition’ (PVD), and ‘others’ such as spin-on and sol-gel methods. CVD is done using 

the conventional method, Plasma Enhanced Chemical Vapor Deposition (PECVD), Metal-organic 

Chemical Vapor Deposition (MOCVD) and Plasma Impulse Chemical Vapor Deposition. PVD is 

carried out in three different ways [161, 162]. Firstly by evaporation of coating materials caused at 

high temperatures using conventional and ion-assistance, secondly by sputtering, which involves 

the process of ion-beam sputtering (IBS) and direct current (DC), alternating current (AC) and 

magnetron, and lastly with pulsed laser. This pulsed laser method is not discussed in this chapter 

as has two disadvantages; being technically and economically unfeasible. An example of this 

unfeasibility is its debris generation, its rapid decline of the coating flux with distance from the 

source and the difficulty in attaining films on large area substrates [163].  

 

Figure 11. Different deposition processes 
[164]

. 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.  

Chemical Vapor 
Deposition

CVD

Other

Sol-Gel Spin-on
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2.2.1 Conventional Physical Vapor Deposition without IAD 

The conventional physical vapor deposition, including electron beam evaporation has several 

advantages. The main advantage of PVD is the smooth coating that is provides of the thin layers 

while also achieving good adhesion to the substrate. Another advantage provided is the ability to 

control the process conditions to generate crystalline thin films without external substrate heating, 

while substrate self-heating can occur during the coating process [3, 165]. However, there are still 

some disadvantages with this process. These include a complex technical vacuum procedure, 

a slow deposition rate, essential and difficult ion cleaning, and not suitable for rebuilds. It also has 

the disadvantage of being expensive. The first process investigated in this thesis is the 

‘conventional method’, which is an e-beam PVD process without the implementation of an ion-

source (Figure 12). 

 

Figure 12. Electron beam in a PVD process 
[166]

.  

2.2.2 Sputter Physical Vapor Deposition 

PVD falls under the category of ‘Separate’ processes. It includes various vacuum deposition 

methods. PVD involves high temperatures and plasma sputter bombardment [167, 168]. The term 

PVD was used for the first time in 1966 by Powell, Oxley and Blocher Jr. (1966) in their book 

‘Vapor Deposition’ [169]. Various types of PVD are sputter deposition, pulsed laser deposition, 

cathodic arc deposition and electron-beam physical vapor deposition. Significant features of 

electron-beam PVD include relatively high deposition rates, columnar and polycrystalline 

microstructure which can be improved by manipulating the process parameters, low 

contamination, superior thermal efficiency and dense coating [170]. Literature relating to these three 

types has been discussed in the following paragraphs. 

Magnetron reactive sputtering, which is another type of ‘sputter deposition’ (Figure 13), is used 

for depositing thin films on laboratory equipment. This is one of the most popular processes of 

depositing thin films and ensures a high degree of precision. It has been successfully tested for 
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deposition on microscope glass slides with the help of magnetron reactive sputtering method [163]. 

Thin film doping with Sn after IAD deposition reduces the band gap, and therefore results in a 

stronger absorption capacity and photocatalytic activity than conventional TiO2 deposited thin 

films. This signifies the usefulness of ion implementation on TiO2 thin films [171]. In the deposition 

processes, if an RF bias voltage is applied to a substrate it can enhance the ion bombard effect and 

the mobility of as-deposited atom by dc reactive magnetron sputtering [172].  

In recent years, pulse magnetron sputtering (Figure 13) has been used for fabrication of multi-

functional high reflective and anti-reflective layers [173]. For high reflective stacks, a deposition 

temperature of 150 °C can be used, which is suitable for polymer materials. Anti-reflective 

methods are appropriate for glass substrates. Exposure to UV-A light leads to a super-hydrophilic 

behavior and easy-to-clean quality of the thin films [174]. 

 

 
 

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 
[175]

.  

The research done on the deposition processes has provided evidence of the influence of 

sputtering pressure on photocatalytic activity, band gap and adhesion strength. The samples 

prepared using this sputtering method consists of the anatase phase and the particle size reduces to 

nanometer scale. Better photocatalytic activity and stronger adhesion has been found in the 

experiments carried out at 2 Pa pressure in comparison to ambient pressure. At this pressure the 

TiO2 thin films exhibit a decrease in photocatalytic activity and blue shift of absorption edges in 

the UV region, suggested by some authors to be possibly due to the quantum size effect [174]. One 

example of a PVD process is to use reactive radio frequency magnetron sputtering. Yamagishia 

et  al. [176] showed that this deposition process, with a total pressure up to 3 Pa, can be successfully 

applied to create an anatase polycrystalline structure. Also, the photocatalytic activity in such 

cases acts proportionately to total pressure during deposition. Dependence has correlation with 

transport processes of high-energy particles between the target and the substrate. Bombardment of 
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high-energy particles on the growing film surface can cause poor photocatalytic activity of films 

deposited at a lower pressure of 1 Pa [125].  

The goal of this PVD comparison is to give a concise reference and description of the processes, 

methods, and equipment essential for the deposition of technologically and multi-functionally 

titania films. There are two expanded applications, the first of which being a more basic 

understanding of discharge magnetron sputter materials. The second is the ability to compare it 

with the PVD- IAD of devices that contain these materials. The differences between the processes 

benefit the understanding of both physical and chemical reactions; these overlapping processes 

are sputtering and IAD. The principal parameters are that the layer growth could be 

fundamentally influenced by the choice of the deposition rate, substrate temperature, and plasma 

parameters. The impingement of the dense layer coated with extra ion energy conducts to adjust 

the layer structure in a reproducible broad range. The crystal modification of TiO2 using an IAD 

process, in contrast to magnetron sputter, has a high degree of anatase content and thus enable 

a high photocatalytic activity. 

By using pulse magnetron sputtering (PMS) deposition, also involving activated plasma, it is 

possible to deposit crystalline layers with anatase or rutile phase [125]. In comparison with layers 

containing only rutile phase, better photoinduced super-hydrophilicity is found in TiO2 layers 

which have significant amounts of anatase phase. However, there is evidence that PMS or the 

plasma-activated deposition method does not make much difference to the properties of deposited 

layers. PMS is also useful for uniformity in layer thickness, without affecting the photocatalytic 

activity. The PMS method can be used for deposition on polycarbonate and polyethylene 

terephthalate surfaces as it also works with low-substrate temperature, thus adding to the utility of 

thin films for a large number of products [177]. In the recent past, experiments have been conducted 

for depositing transparent TiO2 layers with the help of pulsed laser deposition using a metallic Ti 

target and ambient O2 gas at 400 oC [178]. The results of these experiments have shown that 

pressure of O2 as an oxidizing agent affects optical and photocatalytic properties of thin films; 

with 15 Pa pressure of O2, it is possible to have TiO2 film with good optical transmittance of 200 

to 800 nm wavelength. 

The as-deposited film structure of TiO2 films prepared using another form of sputtering, radio-

frequency magnetron sputtering, shows crystalline anatase-type TiO2. In such cases the O-H bond 

of the surface increases proportionally with the Ar ion-beam irradiation time. Due to oxygen 

vacancies, the photo-induced hydrophilicity of Ar ion-beam treated TiO2 films is enhanced. 

Studies conducted in this area show that Ar ion-beam irradiation improves photo-induced 

hydrophilicity under weak UV-illumination (e.g. indoors) [179]. The refractive index improves if 

TiO2 is deposited with ion assistance, thereby employing oxygen ions in energy range of 100-
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500 eV and current densities of 100 pA.cm-2. Other enhanced characteristics include the refractive 

index and the extinction coefficient. The optical band gap is also strictly dependent on the energy 

of the used ions. The refractive index of thin films slightly increases when thin films are annealed 

after deposition at 500 oC, without having any impact on extinction coefficient. Such films also 

exhibit a monophasic anatase structure [180]. This optical and microstructural limitation is 

considered to be a disadvantage of magnetron sputtering, so a comparison with IAD is significant 

throughout this thesis. 

Conforming to these studies, there is an obvious improvement in the optical and photocatalytic 

properties of thins films generated with ion-source, which has been studied in this thesis. Hence, 

there is a potential for further enhancement and a need for the determination of the impact of an 

ion-source on a surface morphology and microstructure. With the aim of clarifying this impact, 

the ejection of surface atoms from an electrode surface by momentum transfer from bombarding 

ions to surface atoms was studied. Sputtering is clearly an etching procedure and is therefore used 

for surface cleaning and pattern delineation. This method is also used for film deposition that is 

akin to evaporative deposition due to its production of a vapor of electrode material. 

The increase of the refractive index n with rising oxygen current density demonstrates that ion-

bombardment during deposition changes the growth of film columnar microstructure, which then 

results in film densification; however, the porosity of the microstructure of the film greatly limits 

the environmental stability of optical coatings.  

Due to the impact on the electrical and thermo-mechanical properties of the film, it is clearly vital 

to largely understand its microstructure. To reproduce the microstructure of the layer, it is 

important to first take into account the mechanisms causing this development. Once the film has 

gained enough surface mobility and is allowed to continue to grow, the constituent of the film 

endeavor to reduce their free energy. One way to achieve this reduction is a decline in the 

curvature of the titania surface. The instability determined by geometry is one way in which the 

mechanism can influence the film microstructure. This effect is described in detail in subsequent 

chapters. 

2.2.3 Physical Vapor Deposition with IAD 

In general, there are two measures that are the most common for the application of the ion-source 

to the coating of the thin film. One of these measures, IBS, is directing ions at a sputtered target 

from the source, and the sputtered material is coated as a thin film. The second measure, IAD, 

directs ions from the source at the coated substrate.  
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The word ‘assisted’ in Ion Assisted Deposition refers to the coating plant and not to the reactive 

gas, hence the reason that IBS does not use this word even though it operates with Argon as a 

reactive gas. Providing the thin film adatoms on the substrate with increased energy, and thus 

mobility, before nucleation is the aim of both of these procedures, which will then cause the 

above mentioned modifications in film’s properties to follow. The concurrent use of two or more 

ion-sources can provide both IBS and IAD. 

As compared with the above mentioned PVD and conventional deposition methods, the use of ion 

assisted electron-beam evaporation has proven to be very helpful in deposition of TiO2 thin films 

of functional properties, most importantly, the optical coating quality [181]. It is the uniformity, 

density and texture of the thin films that determine their optical performance [4, 41]. A good starting 

approximation of the refractive index profile is calculable with deposition rates recorded with 

a quartz crystal monitor during deposition for layers. Basically, the refractive index profile is the 

distribution of refractive indices of materials within an optical fiber. In research conducted in 

2006, an in-situ broadband monitor system was developed and integrated into a Leybold SYRUS 

machine (Figure 14), which could monitor different layer systems, namely classical multilayer 

designs (e.g. filter), composite layers (e.g. mixture layers for rugate-filters) and metal island 

layers [182]. 

  

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 (Γ1, Γ2, and Γ3). ID: discharge current and VD: discharge voltage
 [183]

. 
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The definition of Snell's law is the relationship between the angles of incidence and refraction, 

when referring to light or other waves transiting through a boundary between two different 

isotropic media, for example, water and glass. Refraction of light at the interface between two 

media of different refractive indices, with n2 > n1 is shown in Figure 15, left. As the velocity is 

lower in the second medium (v2 < v1), the angle of refraction θ2 is less than the angle of incidence 

θ1; this is to say that the ray in the higher-index medium is closer to the normal. 

sin ZFsin Z� [ 	 \F\� [ 1�1F Equation 5 

with each θ as the angle measured from the normal of the boundary, υ as the velocity of light in 

the respective medium and n as the refractive index of the respective medium. 

  

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 TiO2 Rutile 
[185]

. 

Figure 15 (right) shows the frequency dependence on the wavenumber for dispersive waves. This 

is usually created by first using a dispersion relation to obtain frequency/wavenumbers pairs and 

then plotting them. Particularly convenient for the advancement of the refractive index in the 

wavelength range from the UV through the visible to the IR area (to 2.3 µm) is the classical 

dispersion theory derived Sellmeier Equation (Equation 6), which permits the description of this 

refractive index advancement over the total transmission region with one set of data and also 

allows for the calculation of precise intermediate values.  

The Sellmeier formula is an empirical relationship between the refractive index and the 

wavelength for a transparent instrument, and is used to establish the dispersion of light in this 

medium. This is defined by the following equation: 
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1��]� [ 1 � ^_	·	aQ
aQ�b_ � ^Q	·	aQ

aQ�bQ  Equation 6 

where n is the refractive index, λ is the wavelength, and B and C are experimentally determined 

Sellmeier coefficients. 

The degree of the opacity of a substance layer to light rays is termed Optical Density [186]. Layer 

absorbance is the substance layer’s capability to absorb radiation that is mathematically expressed 

as the negative common logarithm of transmittance. Wavelength and temperature can be used to 

alter the refractive indices of the glasses, with the temperature coefficient of refractive index 

being the term for the relationship of the refractive index variation to temperature change [35, 38].  

(a) Influence of IAD on the Structure and Optical Quality 

Yang (2007) concluded that an increased deposition temperature enhances the structure and 

optical properties of thin films. To be precise, if the deposition process is carried out at 300 °C 

followed by annealing at 450 °C, the films show a refractive index of 2.29 at 550 nm wavelength. 

In some research, higher transparency was obtained at a deposition temperature of 300 °C, with 

an allowed band gap of 3.81-3.92 eV [52]. Research conducted using cathode vacuum arc ion 

plating with ion-beam assistance shows that TiO2 films deposited using this method displayed a 

phase transition from amorphous to anatase polycrystalline structure with a (101) preferential 

orientation at the annealing temperature of 500 °C for 1 hour under a normal environment. 

Experiments have shown a shift in absorption edges of thin films from 325 nm to 340 nm as the 

ion-beam current was reduced to half, i.e. to 160 mA. The introduction of ion-beam also improves 

the photocatalytic activity of films significantly, especially under irradiation with visible light [187]. 

It has been found from other analytical results of IAD prepared thin films that a decrease in 

working pressure and substrate temperature results in an increase in the refractive index of the 

films. An increase in the annealing temperature proportionally increases the surface roughness, 

and a decrease in annealing temperature helps to increase the refractive index [188-190]. 

(b) Ability of IAD to be combined with Argon  

Another way of depositing TiO2 thin films is through Ar+-IAD method. With the help of this 

method, thin films of uniform cross-sectional structures can be deposited if the ion-current 

densities are maintained between 0 and 5 µA.cm-2, regardless of the surface type. If the process is 

carried out at higher temperatures, it causes roughness on the surface. Without the use of ion 

bombardment, the films obtained exhibit an amorphous structure [191]. 
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(c) Ability of IAD to Use Carbon and Noble Elements for Doping 

Carbon can also be used for doping of TiO2. The results of experiments done with CO and CO2 in 

ion assisted electron-beam evaporation show that carbon enhances the photocatalytic properties of 

thin films. Using this method, the films are also annealed at 500 °C for 8 hours to increase titania 

crystallinity. Thus, in terms of photocatalytic activity, super-hydrophilicity, degradation of 

methylene blue and reduction of silver ions, a shift in the absorption in the spectrum of visible 

range was obtained with annealed carbon doped TiO2 anatase film that was doped with carbon 

content of 1.25 wt% [192]. 

Noble metals such as gold, silver, platinum and iridium have also been tested for doping with 

TiO2 with an improvement in the charge separation in terms of photocatalytic efficiency in both 

UV and visible light. Better photocatalytic degradation, both under UV and visible light, and in 

comparison with simple TiO2 thin films an increase in efficiencies of MO photo-degradation from 

2.43 to 4.1 times, can be achieved when Pt/TiO2 films were dipped in 0.01 and 0.001M H2PtC16 

solution [193]. Noble metals can be used, in nanoparticles, in deposition of TiO2 films with the help 

of electron-beam irradiation. Their impact on the photocatalytic activity of thin films largely 

depends on the solution used [194]. Additionally, the introduction of nitrogen introduced new 

occupied orbitals in between the valence band, that are comprised primarily of O-2p orbitals, and 

conduction band which are comprised primarily of Ti-3d orbitals (Figure 16).  

 
 

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 
[196, 197]

.  

(d) Ability of IAD to Coat Using Different Substrates 

Experiments conducted using IAD on porous Teflon sheets (PTS) show that TiO2/PTS can be 

a good choice for waterproof materials because of its water repellent and self-cleaning properties. 
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Water-repellent properties induced by PTS and the self-cleaning properties induced by TiO2 

photocatalyst were observed during these experiments [188]. 

Apart from plain glass or plastic, experiments have been conducted on Si (100) for deposition of 

thin films. For Si (100), substrate deposition is carried out with O2 cluster ion-beam assistance. 

Substrate temperature of 200 °C produces amorphous films, whereas temperature of 300 °C 

produces films which contain both rutile and anatase. The refractive index of films and 

photocatalytic decomposition of methylene blue by UV-irradiation increases with an increase in 

substrate temperature. The contact angle of substrates to water decreases to 10 by UV-irradiation 

for 30 min, however, in case of TiO2 bulk in rutile structure it remains at the initial value of 

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

photocatalytic characteristics in anatase [198]. 

As a summary, the Ion-Beam Sputtering (IBS) process, which is considered the most competitive 

method to IAD, requires that an existing system be altered to its specific use, or an altogether new 

system may be needed, both of which constitute much more of an investment in resources. The 

IAD process is also advantageous because of its scalability, easily creating large and small 

surfaces, and especially beneficial owing to its ability to adjust deposition parameters in just the 

one method, thus making the properties of the films highly controllable. The IBS procedure does 

not have the scale range of IAD as it has a limited supply in sizes of ion-sources. While there are 

many technical benefits to IAD techniques, there are also economic advantages. 

A good way of creating oxidizing species, which in turn cause higher surface energy, on polymer 

is by chemical treatment using strong oxidizing agents. A high hydrophilicity of the treated 

substrates allows deposition of uniform layer on them. The treatment does not cause any further 

roughness on the polymer surface. The layers remain uniform and adherent if dip coating method 

is used. The TiO2 nanoparticles on the films can be stabilized electrostatically, even in the absence 

of a surfactant. The photocatalytic efficiency of layers depends on thickness of layers because it 

provides more active surface area. The coating also improves mechanical properties of thin films, 

increases hardness of substrate by 2.5 times and improves its scratch resistance by 6.4 times [199]. 

Other authors found that TiO2, when used on 300 nm pyrex glass tube, showed signs of fracture 

due to different thermal coefficients of over-layer and the substrate during calcination. Other 

factors are contraction and stress during drying. The films also show highly porous surface 

morphology of anatase particles. TiO2 immobilized pyrex glass tube can be used as 

a photocatalytic reactor which, from the point of view of practical use, can avoid filtration of 

suspended TiO2 powder [6].  
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Dissimilar to these past studies, the influence of ion-source current in IAD has not been well 

analyzed in the literature and has been used in this thesis to understand the ability to coat 

substrates other than glass, with an enhanced PVD procedure. 

2.2.4 Crystallinity of Thin Films by Different Coating Methods  

Before presenting the crystallinity of the titania prepared using IAD, an overview of the influence 

of the deposition methods on the microstructure, such as magnetron sputtering and atomic layer 

deposition, is presented here. 

(a) TiO2 Deposited by Magnetron Sputtering 

There are many publications that describe magnetron sputtering; below are only two selective 

examples of this technology so as to compare against the IAD procedure. In experiments done 

using reactive pulse magnetron sputtering on float glass, no significant photocatalytic activity was 

observed for 100 nm thick TiO2 layers at low total pressures. Possible reasons for this could be 

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

which has the ability to affect adsorption [200]. 

The deposition parameters of the DC sputtering process determine the structural characteristics of 

films in the anatase and rutile phases. Films deposited at 16 mTorr contain more intrinsic and 

structural defects which could be the main cause of the higher photocatalytic activity in the 

photodegradation of organic molecules. The band gap energy changes on different substrates, 

such as glass and FTO, and could increase with an increase in pressure [80]. 

The application of direct current pulse magnetron sputtering system at room temperature can be 

helpful in deposition of highly photocatalytically active TiO2 thin films. Deposition parameters 

have pivotal importance in this process as they affect the target yield and kinetic energy of Ti 

particles. If the working pressure is increased, up to 1.4 Pa, it transforms the structure from 

amorphous to anatase phase and the resulting annealed thin films can have excellent 

photocatalytic efficiency [201]. 

Much research has established that the deposition temperature range of 500-600 °C leads to 

growth with a particle size average of 50 nm, while a temperature range of 750 to 800 °C causes 

the films to grow along (211) the crystallinity orientation. The films with a random anatase 

structure exhibit higher photo-degradation efficiency and lower band gap energy as compared 

with (211) oriented growth structure [131]. In order to optimize the processing parameters, tests 

have been conducted to evaluate the effect of sputtering power on photocatalytic activity of 

deposited TiO2 thin films. The method is regarded as very effective due to the as-deposited films 

prepared with sputtering power of 200 W exhibiting a crystalline structure of anatase phase. 
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When the sputtering power is changed, it in turn changes the crystallinity and surface 

morphology; the films prepared with these parameters show the highest photocatalytic 

efficiency [199]. Concurrent to these studies, the influence of ion-source current in IAD has been 

analyzed in this thesis to understand the modification of crystallinity and surface morphology. 

(b) TiO2 Deposited with IAD 

In the IAD process, 300 °C is taken as the transition temperature for the transformation from 

amorphous to anatase phase during annealing, and 500 °C from amorphous and anatase to rutile 

phase. This increase in the annealing temperature also increases the refractive index, 

transmittance percentage and the band gap energy. The highest transparency level can be secured 

at an annealing temperature of 400 °C, and the highest refractive index, that of 2.62, and the band 

gap energy, 3.26 eV, can be achieved at 500 °C with the anatase phase. The thin films start 

developing defects if they are annealed at 700 °C to form rutile phase [202]. The aim of using IAD 

is the possibility of obtaining titania films with refractive index higher than 2.40 (550 nm) at a 

deposition temperature lower than 350 °C. This is challenged in Chapter 5 to 8. 

(c) TiO2 Crystallinity on Different Substrates 

The choice of the substrate materials is another issue that needs to be considered as it must be 

well-suited to the deposition conditions in order to stay inert and undamaged during the 

deposition process. It is also important for the substrate to be resistant to the crystallization 

temperature of the thin film and not cause contamination [91, 203]. A notable example of this are 

polymer substrates such as Poly(methyl methacrylate) (PMMA) and Polycarbonates (PC), as they 

have a relatively low temperature resistance (typically 150 °C) and are made inadequate due to 

the out-gassing of, for example, water. Avoiding contamination of the TiO2 thin film by inward 

diffusion of Na+ or other ions, as mentioned in Chapter 6, from the substrate is also 

necessary [77, 204]. 

It has been revealed by earlier studies that there is a strong reliance of the photocatalytic activities 

of annealed TiO2 thin films on the substrate type used [92]. The influence of a soda-lime glass 

substrate on the photocatalytic activity of heat treated TiO2 films has also been explored by other 

authors [92, 205].  

SiO2 or TiO2 buffer layers improve the bending resistance of thin films, but SiO2 has an improved 

resistance due to its stronger adhesion ability. Both TiO2 and SiO2 improve crystallinity of ITO 

films and the surface properties of polyethylene terephthalate (PET) [206]. 
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2.2.5 Correlation: Deposition method, photoactivity, microstructure, antibacterial ability 

Research done on the microstructure of polycrystalline and epitaxial TiO2 thin films with anatase 

and rutile structure reveals fine crystallinity and compact structure of films prepared with r.f. 

magnetron sputtering. Single- and polycrystalline films show 10% higher optical band gap as 

compared to the bulk, thus is due to the strain of lattice deformation. For single-crystalline and 

polycrystalline anatase and rutile TiO2 thin films bactericidal abilities can be evaluated by 

exterminating Escherichia coli, using film stick method under UV. The two kinds of films show 

similar bactericidal efficiencies. 

To provide a correlational study, one of the simple methods for quantitative measurement of 

photocatalytic activity is the utilization of evaporated layers of stearic acid. Thin films of stearic 

acid have good homogeneity and can be decomposed on a photocatalytic surface under UV-

illumination. Experiments show that an activity of a much higher factor than commercial glass 

can be obtained with modified PVD technique, i.e. a factor 100 higher than a commercial glass. 

The highest stearic acid deposition rate proved via experiments is 3 nm/min at 0.66 mW/cm2 

(366 nm) [207]. As per the experiments conducted by L. Wanga [208], films with high refractive 

index (n~2:60 at 1.4 µm) and low extinction coefficient can be deposited at low substrate 

temperature i.e. 150 °C, and with some assistance. These films were observed to be homogeneous 

and insensitive to moisture and, depending on evaporation conditions, different growth 

morphologies and phase transformation were also found. Crystallinity, and with that the refractive 

index, can also be improved with substrate temperature of 250 °C. With reference to optical 

properties, fused silica substrates show discouraging results [163].  

2.3 Summary 

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

summarized as follows. 

� The literature reviewed above shows that the functional properties of thin films, such as 

photocatalysis, super-hydrophilicity and transparency, make this subject essentially wide-

ranging. Due to suitability of TiO2 thin films for different purposes, they have different 

applications in different fields. 

 

� In environmental sciences, TiO2 can be used with clean, attractive, low-temperature and 

non-energy intensive methods for removing pollutants from water, and even wastewater. 

TiO2 under solar energy is more effective at disinfecting water than solar energy alone. It 

can also be applied to pavements for reducing air pollution. TiO2’s hygienic 
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characteristics make it a very good choice for depositing thin films on medical equipment. 

In the optical industry, TiO2 is extensively utilized for deposition because its refractive 

index has a direct correlation with the presence of Ti on thin films. At present, Pilkington 

Activ™ is the most widely produced commercial photocatalytic glass. Demineralization 

tests conducted on Pilkington Activ™ show that it has an anatase phase and can 

demineralize dyes such as methylene blue, which has lately been used in research as 

a good degradation model for determination of photonic efficiency [75, 209]. The basic 

factors which determine photonic efficiency include photodecomposition parameters, 

such as light illumination, reactor set-up, reaction time and type, amount of catalyst 

utilized and concentration of substrates. 

 

� This chapter focuses on presenting the titania microstructure as it is also helpful for the 

enhancing the transfer of photo-generated electrons from the anatase phase to the rutile 

phase for the IAD procedure. A second focus is on how the increase of photoactivity and 

hydrophilicity can be determined by specific grain size annealed morphology, sufficient 

surface hydroxyl content and the degree of surface roughness. The optimum of 

microstructure using PVD-IAD is resulting by high deposition rates, which produce 

columnar and polycrystalline titania. This can be improved by manipulating the process 

parameters, low contamination, superior thermal efficiency, and dense coating. Intended 

for high crystallinity it is remarkable to increase the grain size. This is opposing to the 

desire to increase the surface area, so that typically a grain size range of about 10-20 nm 

is considered an optimum compromise between these two issues.  

 

� Corresponding to the literature studies, the basic mechanisms contributing to the change 

of the microstructure and surface properties, resulting from the transfer of ion energy, has 

been taken in consideration. The preparation of transparent photocatalytic active PVD-

IAD layers, the mechanism selection of dense molecules for optic characterization, has 

been focused on. This contribution has been analyzed in this thesis to understand the 

momentum transfer, if its leads to an increase in the mobility of the adatoms, enabling 

them on the basis of the energy corresponding. 

 

� To apply all of the results gathered within the literature, the PVD method with ion-beam 

sputtering or ion assisted deposition were operated as two parallel classifications. IAD is 

a commonly employed method for the deposition of thin films with a high degree of 

precision. It is utilized for fabrication of multi-functional high reflective and anti-

reflective layer stacks. On being exposed to UV-A light, thin films show super-

hydrophilic behavior. Additionally, the films show the anatase phase and the particle size 
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reduces to a few nanometers and correlate with each other. The refractive index of thin 

films slightly increases when thin films are annealed after deposition at 500 oC. For 

improving the control of the deposition process, in 2006 an in-situ broadband monitor 

system (BBM) was developed and integrated into the Leybold Optic SYRUS machine. At 

low total pressures, thin TiO2 layers do not show significant photocatalytic activity. Band 

gap energy varies on different substrates, such as glass and can increase with an increase 

in pressure. In case of single-crystalline, polycrystalline anatase and rutile TiO2 thin films, 

bactericidal abilities can be evaluated by exterminating Escherichia coli using film stick 

method under UV-illumination. PVD gives optical qualities to thin films such as good 

starting approximation of the refractive index profile which is calculable with deposition 

rates. By decreasing the working pressure and increasing the deposition rate and substrate 

temperature, the refractive index of films can be increased. Higher transparency in thin 

films can be obtained if the deposition temperature is increased from 50 to 300 °C. If the 

thin films are annealed at 700 °C for the rutile phase, they start developing defects and 

deformities. Films produced with IAD are homogeneous and also insensitive to moisture, 

depending on evaporation conditions. Also, such films exhibit different growth 

morphologies and phase transformations.  

This chapter discusses relevant information regarding TiO2 thin film deposition for photocatalytic 

applications, and also uses a comparative study of the PVD deposition methods to summarize the 

current knowledge of photocatalytic performances. As most studies on transparent PVD thin films 

do not thoroughly discuss the effect that microstructure has on photocatalytic activity, 

a comparative microstructure analysis using various deposition methods was conducted. During 

this review it was seen that previous research in this field has found that the microstructure of the 

thin films can enlarge the surface area and that maintaining a small grain size is important in 

determining the inward diffusion of the organic substance and outward diffusion of reaction 

products.  

Unfortunately, a difficulty arose in the comparison of the published values using different 

measurement setups as there is established no standard procedure or reference sample for the 

evaluation of TiO2 thin films’ photocatalytic activity. It is the main author’s impression that this 

issue is an important one for the future. For this research, an automated measurement system was 

developed for PVD photocatalytic activity. In addition, the aforementioned optical properties are 

used as a reference to qualify the IAD optic samples produced by Denton CC-105. Addressing the 

gaps of understanding identified in the literature is one of the objectives of this thesis.  
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3. Experimental Set-Up 

The following chapter contains a description of the techniques and equipment used in the research 

of deposition of thin films. The deposited films were characterized for their photoactivity, 

hydrophilicity, optical quality coating and microstructure, and before starting the deposition 

process, specific coating materials and pretreatment processes were first chosen. The process was 

carried out with and without ion-source assistance, and also with varied gas flow, temperature, 

thickness, and annealing methods. The optical quality of the films, especially transmission, 

reflection, scattering and band gap, was established, and for the surface analysis, the following 

commonly known techniques were employed: scanning electron microscopy (SEM), atomic force 

microscopy (AFM), tunnel electron microscopy (TEM), X-ray diffraction (XRD), elemental 

analysis (EDX), water droplet measurement and Raman spectroscopy. Lastly, the deposited films 

were tested for anti-bacterial properties with the application of negative bacterium, such as 

Sarcinia lutea. 

3.1 Synthesis of Thin Film Layers 

3.1.1 Materials and Methods 

(a) Coating Materials 

Different commercially available coating materials were tested for this research, including TiO2, 

SiO2, Ag, and Au. TiO2 was obtained from Merck KGaA, SiO2 from COTEC GmbH, and Ag, and 

Au from Evonik Degussa GmbH. All the materials were used in the form in which they were 

originally received. 

(b) Selection of Substrates 

Different types of glass substrates were used in the research, such as Borosilicate glass, D263 

(Menzel) glass, and Quartz glass SUPRASIL® 2 (Suprasil), which is a high purity synthetic fused 

silica grade, manufactured by Heraeus using flame hydrolysis. Borosilicate glass, with very low 

iron content, is utilized as the cover glass in microscopy for biological, medical and optical 

research work, and has refractive indices of 1.456 at 656.3 nm, 1.458 at 587.6 nm, 1.466 at 

435.8 nm, and 1.508 at 248 nm, respectively. Borosilicate glass is without absorption in the 

visible range of the spectrum, but the excellent optics properties make this glass an ideal material 

for experiments in fluorescence microscopy. High purity quartz glasses are utilized for UV and 

deep UV applications with superior quality in this range. Suprasil presents the highest purity and 

has a high content of OH- groups of around 400 ppm. Isopropanol and acetone were applied to 
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clean these glasses and plasma-jet etching techniques were used to create suitable preconditions 

for production of layers. 

3.1.2 Pretreatment Procedures 

Before the coating process, special focus was given to suitable techniques which may be 

employed for chemical processes or lacquer finish of the substrates. Pre-treatment process of 

films is done by manual chemical pre-conditioning, automated processing and plasma etching. 

Manual processing involves use of acetone, isopropanol, or both. Automated cleaning involves 

the treatment of substrate in 3 stages. In the actual experiment, first the substrate was dipped in 

ultrasonic distilled water, and then in Alkali metal salts, produced by Cleaning Technology SA, 

Switzerland. Next, the substrate was dipped in a solution of Deconex liquids, containing 150 ml 

D12PA, 37.5 ml D12PA and 112.5 ml of HT19, produced by Borer Chemie AG, and then finally, 

in distilled water. Drying was carried out at 80 °C, and pre-conditioning was accomplished using 

plasma-jet etching methods in the materials, which can improve the adhesive strength of the 

layers. In this plasma-jet etching process, the surface is bombarded by the Denton CC-105 ion-

source and during the process, which lasted for approximately 10 minutes, the ion-source current 

was maintained between 1 A and 5 A and the voltage was 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, conventional methods for physical vapor deposition 

(PVD) were applied in the experiments. For this purpose, a high vacuum evaporation plant BAK 

760 was used. The standard diffusion pump used in BAK 760 has high stability, even in ultra-high 

vacuum (UHV), with no pressure fluctuations [163]. 

3.1.4 Ion Assisted Deposition 

Other than conventional thermal evaporation methods, which provide particles in the gas phase 

with low kinetic energy, the ion assisted deposition (IAD) process was used in the experiments. In 

accordance with high kinetic energy, ion assisted coating processes usually lead to a substantially 

increased optical and mechanical quality of the films, yet ion assisted deposition enables 

improved microstructure with significant product advantages [98, 99, 210]. Along with IAD methods, 

conventional PVD methods were also studied with deposited TiO2 thin films. For these coating 

processes, Balzers BAK 760 plant, mentioned above, and a SYRUSpro 1100 machine were used. 

The Denton CC-105 was the ion-source used in the Balzers equipment. SYRUSpro 1100 was 

operated with the ion-source Advanced Plasma Source Professional (APSpro). SYRUSpro 1100 

and APSPro can only be employed in a complete installation system. 
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The above coating plants were equipped with e-beam evaporators, a diffusion pump for BAK 760, 

a Cryo pump for SYRUSpro 1100 machine, and online UV/Vis spectrometers which record the 

spectra of the growing layers [211]. Many deposition processes were tried during the course of this 

research, the first process being a conventional thermal deposition concept which involves the use 

of oxygen as the reactive gas. This was carried out using BAK 760 without an ion-source. The 

second deposition process was based on the APSpro plasma source used in the SYRUSpro 1100, 

and in this process, argon and oxygen were used as reactive gases. In the final process, BAK 760 

was again used, but this time with Denton CC-105 as the ion-source and oxygen as the reactive 

gas. The ion-source Denton CC-105 was specifically used only in the third process to determine 

the impact of ion-source on coatings. 

The two coating plants used for deposition, the SYRUSpro 1100 and Balzers BAK 760, 

mentioned above, are shown in the pictures of Figure 17. Balzers BAK 760 which was frequently 

used during the course of this research, with a 10 KW electron-beam set using CC-105 source 

with crucible drive, shutter, high voltage, E-gun controller 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-anode device apparatus, and a tungsten filament 

which works as a neutralizer. The ion-source was operated with pure oxygen at different 

discharge current ranges, with typical discharge currents ranged between 1 and 5 A, and the 

discharge voltage regulated between 150 V and 300 V by varying the oxygen flow with values 

between 10 to 50 standard cubic centimeters. The Denton ion-source can be used to generate ions 
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with energy values of up to 300 eV and can also replace the conventional low energy glow 

discharge system employed in order to clean substrates prior to coating. The value of the 

neutralizer voltage was maintained in the area of 10 V, which resulted in filament currents 

between 25 and 30 A. For SYRUSpro 1100, used in conjunction with the plasma source APSpro, 

the following deposition parameters were altered: The substrate temperature was varied between 

cold and 300 °C, the voltage between 60 and 160 V, the reactive gas flow for oxygen between 30 

and 50 sccm, the flow for argon between 2 and 10 sccm, and finally, the coating thickness 

between 200 and 1000 nm [123]. 

 

To determine the influences of the selected parameters, tests were conducted on the energy 

spectrum of the ions emitted by the source. Appropriate cleaning procedures, including UV-

irradiation cleaning, mechanical ultrasound and manual cleaning, were applied to the substrates 

before starting the deposition processes, and different substrates were heated at different 

temperatures, between cold (50 to 60 °C) and 350 °C, prior to deposition. The geometrical 

arrangement, the distance between the ion-source and the substrates, was in the range of 30 cm to 

70 cm, with deposition rates between 0.15 nm/s for TiO2 and 0.35 nm/s for SiO2, respectively. 

Thin films with a thickness between 50 nm and 1000 nm were produced on quartz and glass 

substrates. 

There are certain other parameters which can have an impact on TiO2 films. In the conducted 

experiments, glass substrate was subjected to a pretreatment process, explained above, and after, 

the thickness of TiO2 films was measured during the deposition process using a quartz crystal 

monitor named XTC Thin Film Deposition Controller, manufactured by INFICON (see. 3.1.5). 

The following diagrams show the important parts of the experiment apparatus. 

 

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 situated in a rotated support, and the shutter controls 

evaporation of titanium in the vacuum chamber as illustrated in Figure 18 (left). Electron-beam 

evaporation is shown in Figure 18(right), and the Denton CC-105 ion-source parameters are listed 

in Table 2.  

  

 

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 
[213]

. 

Both the vacuum chamber and the Denton CC-105 ion-source are shown in Figure 19. The 

Denton CC-105 ion-source was originally named End- Hall. It is a cylindrical source with an 

anode at its base for the gas supply, and it internally emits electrically heated electrons while 

maintaining discharge levels between its cathode and anode. The combination of the electric and 

magnetic fields in the ion-source produce an accelerated flow of ions in the form of plasma 

jet [161, 214]. In the ion assisted deposition processes, the End- Hall ion-source is filled with highly 

purified, oxygen or argon gas, over 99 % pure. The plasma source consists of an oxygen flow as a 

reactive gas, added through a ring placed at the top of the anode tube. 
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During the coating processes, different sets of parameters were used as follows: the materials used 

for thermal evaporation included titanium, silicon, silver, and aluminium, and for the coating 

plant, voltage was kept at 8 kV and the current at 0.4 A. The pressure of the oxygen in the 

vacuum chamber during the processes was kept at 3 x 10-4 mbar constantly, the heating was 

maintained between 50 and 350 °C, and for the neutralizer 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 have been collected 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 0.35 A 

Calotte Heater 
(Process temperature) 

Cold - 350 °C O2 Valve Control Unit 3 x 10-4 mbar 

High Vacuum 0.001 mbar Coating Thickness 10 - 1500 nm 

Coating 
Rate 

SiO2 0.35 nm/s Plasma Etching O2 gas 20 - 40 sccm* 

TiO2 0.15 nm/s Heater Cold - 350 °C 

Time 5 to 30 min 

 

Ion-Source Properties 

Neutralizer Wire Tungsten  O2 Ion- Source Flow 20 - 40 sccm* 

Neutralizer Power 

Voltage 9 - 13 V 

 
Current 22 - 30 A 

Ion-Source Process 

Discharge 
Voltage 

180 - 280 V 

Discharge 
Current  

1 - 5 A 

*[1sccm= 0.01646 mbar⋅l/s]. 

3.1.5 XTC Thin Film Deposition Controller and Broadband Monitoring Platform 

The process of deposition was controlled with the help of XTC Thin film Deposition Controller as 

this device has the ability to accurately control deposition rate and thickness. Advantages of XTC 

include its capacity to check even the smallest value of thickness, along with the fact that it can 

process numerous films simultaneously. Its parameters were first defined in order to control the 

deposition process and the deposition parameters were then entered in XTC, an explanation of 

which is given below. 
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To give more detailed information in deposition technique using XTC, the main factor was the 

Rise Time, which defines the length of the rise. Soak Power represented the start of the melting 

point of the source material. After the deposit state, it may be necessary to reduce the source´s 

power to zero, a rule of the XTC program stage ‘Idle Ramp’, which helps maintain the 

appropriate level of voltage power. The three main information points entered in the deposition 

parameters were the deposition rate, shutter delay states, and final thickness, and these principle 

parameter were entered into the Sensor as the ‘tooling’ factor. This factor corrects for the 

geometrical differences between the sensor and the substrate because the flow of material from 

a deposition is not uniform, it is necessary to account for the different amount of material flow 

onto the sensor compared to the mentioned substrate. It applies to primary crystal and is 

represented by the following equation: 

Tooling [ @cOd. · e@cfgh.@cijk. l Equation 7 

where tfin = initial tooling factor, tfsub.= actual thickness at the substrate and tfcry.= thickness on the 

crystal (more details in  Info Appendix 3). 

As an alternative, using the in situ measurement system at the Laser Zentrum Hannover e.V., 

Broadband monitoring was elaborated, redesigned and implemented, which allowed continuous 

recording of transmission spectra in the vacuum directly on the coated substrates. The monitoring 

device can detect the completion of the coating design. 

3.1.6 Coating Parameters 

Different deposition processes have been investigated, and generally, all necessary parameters, as 

mentioned in the Table 2, were kept within a certain range: for the vacuum chamber; high vacuum 

between 8 - 10 kV, emission at approximately 0.3 - 0.5 A, O2 gas at 3 x 10-4 mbar, temperature 

from 50 to 350 °C. The temperature values presented a fluctuation of ±10 °C due to the technical 

set-up. For the ion-source; neutralizer potential (U) between 8 and 15 V, neutralizer current (I) 

between 25 and 33 A, ion-source discharge voltage (U) between 180 and 280 V, ion-source 

discharge current (I) from 1 to 5 A, flow of oxygen as a reactive gas between 20 and 40 sccm. For 

the coating process, the deposition rate was held at 0.15 nm/s and the film thickness between 10 

to 1000 nm. 

The essential parameters were varied within the ranges mentioned in Table 2 in order to study the 

influence of each of the individual coating factors. The gas flow of ion-source was varied in 

different processes for analyzing its impact on deposition. The process factors were the potential 
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(U) and current (I) of electron-beam evaporator, the oxygen (O2) added in vacuum chamber, the 

substrate temperature (T) in the vacuum chamber, the filament neutralizer potential (U) and its 

current (I), and the potential (U) and current (I) of the ion-source itself. In addition to these, the 

coating rate (r) and thickness (d) were also kept constant. 

There are many reasons that some parameters are constant and others are varied. The operation of 

the ion-source CC-105 with a neutralizer regulation mode leads to and improved stability over a 

longer duration. When an ion-source is driven by a discharge current between 1 and 5 V, the 

discharge voltages range from 185 to 260 V, consequently meaning that maintaining the discharge 

power supply parameters at a constant is not an absolute guarantee for a constant ion energy 

distribution [211]. The layer properties depend on this ion energy distribution, the reason being that 

parameters such as discharge voltage, current, gas flow and temperature are varied. In contrast to 

this, due to the technically reason of the stability duration of the ion-source and its ion energy 

distribution, other parameters such as coating plant technical data, are mostly fixed according to 

the evaporation performance, which leads to homogeneous layers and low absorption values for 

IAD processes. 

Expected to APS processes, the oxygen is added with the help of the ion-source through channels 

where a high gas flow, ranging from 20 to 50 sccm, is used for its ionization. DC voltage is used 

for this purpose and is applied between the body of the source LaB6 cathode and the cylindrical 

ring anode. The ions are propelled towards the substrate with the help of a magnet and their 

momentum is transferred to the condensing film molecules, which enhances the surface mobility 

of the substrate and packing density. A tungsten filament, shown in Figure 19, was also used in 

this process, acting as a neutralizer. 

Thin films were deposited using the following six PVD processes: 

• Conventional method without any ion-assistance (Process I). 

• Ion Beam Sputtering technology (Process II). 

• Thermal e-beam evaporation method with SYRUSpro 1100 coating plant using argon and/or 

oxygen as reactive gas and assisted by Advanced Plasma Source (APS) (Process III). 

• Thermal e-beam evaporation method with Denton CC-104 using Balzers BAK 640 

(Process IV). The Denton CC-104 differs technically to CC-105 in diameter, ion discharge 

current and voltage. 

• Thermal e-beam evaporation with Denton CC-105 using Balzers BAK 760 (Process V). 

• Optimized Thermal e-beam evaporation method with Denton CC-105 using Balzers BAK 760 

at high temperature coupled with annealing (Process VI). 
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In some cases, the deposited films were annealed with temperature, rate, and time all used as 

variable factors. The temperature was varied in the range of 200 to 550 °C, and the films were 

analyzed first after 4 hours, and later after 24 hours. The first group of films was annealed at 

450 °C for 4 hours and then re-annealed at 400 °C for 7.5 hours. The second group of samples 

was annealed at a lower temperature of 250 °C for 8 hours. The aim of this procedure was to 

observe the influence of different conditions of annealing in the structure, optical properties and 

photocatalytic performance of the TiO2 films. 

3.2 Optical Quality of Thin Film Layers 

3.2.1 Fast Scattering Tests 

To evaluate the optical quality of titania thin films, optical scatter measurements are an important 

factor in all production steps. One specific method of optical scattering is the Total Scattering 

(TS) method, which evaluates the roughness of the layer. Another specialized method invented at 

LZH is Fast TS [215], which controls the defects on the sample surface and imperfections in the 

bulk of the components. 

These procedures are based on a two-dimensional TS mapping for routine characterizations of 

optical samples. Forward and backward TS scans can be performed in a few minutes, making 

them highly efficient. The beam radius can be adjusted from 35 to 750 µm. Micron particle 

produced by electron beam lithography are investigated. The lateral resolution to distinguish 

between two neighbor scatter centers is less than 50 microns. Integration of the scattering in 

a defined angle range, from 2 to 85°, in the forward or backward path is obtained through TS 

measurements (Figure 20). A sign as to the quality of the illuminated region can be gathered from 

the TS value, which can also be used to qualify roughness [215].  

 

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, LAMBDA 1050 and 950 Spectrophotometers, 

manufactured by PerkinElmer, were used for the analysis of the coated thin films characteristics. 

With these spectrophotometers, the performance of UV/Vis/NIR was obtained for wavelengths 

between 175 nm and 2000 nm. The most important parts of these spectrometers are Deuterium 

and Tungsten Halogen Light Sources, Double Holographic Grating Monochromators, Common 

Beam Mask, Common Beam Depolarizer, Chopper and Sample and Reference Beam 

Attenuators [216]. The measured spectra were used to calculate the band gap and refractive index of 

thin films. 

3.3 Surface Analysis of Thin Film Layers 

The objective of the surface analysis was to examine adhesion strength, chemical activity, 

contaminants and interaction between the substrates and layers. It involves the examination of the 

layer composition of photocatalytic films. An optimal way to understand the outer layer and its 

functionality is by generating elemental maps of the coated surface. 

3.3.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope (SEM) was selected to analyze the morphological texture of 

photo-catalytic thin films. SEM’s deep field allows for a number of samples to be suitably 

focused at the same time while also producing suitable resolution images of the thin films, to as 

low as 5 nm [217]. Due to this high magnification, large depth of focus, great resolution, and overall 

ease of sample observation, SEM was selected to analyze the external morphology (texture), 

chemical composition, and crystalline structure of photocatalytic thin films [218]. Scanning and 

image formation processes were carried out using ‘FEI Quinta 400 Fas’ with a resolution of 1 nm, 

manufactured by EDAX Inc., and ‘CamScan S2’ at 5 nm resolution, manufactured by NORAN 

Instruments Inc. Accelerated electrons in SEM carried significant amounts of kinetic energy 

dissipated in the form of a variety of signals, which included secondary electrons, backscattered 

electrons, diffracted backscattered electrons and photons. Secondary electrons and backscattered 

electrons are very useful for revealing the morphology and topography of the surfaces, and also in 

illustrating the contrasts in composition in multiphase surfaces, for this research the TiO2 coated 

films [216-218]. 

3.3.2 Transmission Electron Microscopy (TEM) 

The transparent thin films were further characterized in this research by transmission electron 

microscopy (TEM). SEM causes electrons to bounce or scatter upon impact so as to scan the 

surface of the sample. By contrast, TEM directs an electron beam through the sample to process 
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it. SEM images provide accurate three-dimensional representations, whereas TEM pictures are 

two-dimensional and may require interpretation. However, TEM is more advantageous in terms of 

resolution and magnification than compared to SEM. 

Since electrons have a much smaller wavelength than photons, it minimalizes the problem of 

diffraction barrier and enables higher resolution imagery. By driving electrons towards the 

specimen and detecting the ones transmitted through it, it is possible to note the densities of thin 

films, as well as the diffraction information where structures, such as crystals, are positioned in an 

organized fashion. The advantages of TEM, especially when it is used for thin films, include 

provision of information on crystalline structures and density maps, and, theoretically, the 

possibility of a subatomic resolution. For this research, TEM was conducted at the Institute of 

Physical Chemistry, Gottfried Wilhelm Leibniz University, Hanover by Dr. I. Bannat and was 

used on thin films, prepared by ultrasonic dispersion in ethanol and fixation on a copper supported 

carbon film [123]. Powders scratched from thin films were analyzed with Jeol JEM-2100F field-

emission instrument at 200 kV with an ultra-high resolution pole piece that provides a point-

resolution higher than 0.19 nm. The Gatan imaging filter (GIF 2001) used in the microscope 

enabled enhancement of the dynamics in the selected area electron diffraction (SEAD) pattern by 

elastic filtering, with a bandwidth of 15 eV. 

3.3.3 Elemental Analysis (EDX) 

Energy-dispersive X-ray spectroscopy (EDX) analysis of thin films is used to identify elemental 

composition of a sample. In this research EDX was carried out using equipment manufactured by 

EDAX Inc. and NORAN Instruments Inc. EDX analysis was part of the same series of 

experiments that included the previously discussed SEM. The EDX equipment comprises of 

a beam source, a pulse processor, an X-ray detector and an analyzer, and is installed with SEM for 

elemental analysis. 

3.3.4 X-ray Diffraction (XRD) 

XRD is a non-destructive technique used to identify crystalline phases and preferred 

orientations [219]. The X-ray diffraction carried out at the Institute of Physical Chemistry of 

Gottfried Wilhelm Leibniz University, Hannover was investigated in this research by Dr. L. 

Robben and Dr. O. Merka with a Philips X´pert diffractometer at room temperature in the range 

of 0.8 to 10° 2θ, using Cu Kα radiation (λ= 1.5406 Å). The X-ray diffraction was performed in 

grazing incidence using a small (incident) angle of 0.5°. The measurements were performed in a 

2θ range of 20° to 60° on a Bruker D8 Advance equipped with a 0.4° soller slit on the detector 

side. 
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X-ray diffraction data for the ‘Rietveld phase analysis’ was recorded on a Bruker D4 Endeavor 

diffractometer with reflection geometry, a secondary Ni filter, and Cu Kα1,2 radiation, which was 

done in order to identify the crystalline phases and orientation of the thin film samples. The 

process was conducted at the Institute of Mineralogy of Gottfried Wilhelm Leibniz University, 

Hannover. Four thousand data points were collected using a step width of 0.02° in the 2θ from 

5 to 80° with 1 second measurement time per step and the TOPAS 4.2 (Bruker AXS) software 

was used in the analysis of these, using the Rietveld method. The parameters optimized during the 

process of refinement included scale factors, two background parameters, and zero point error and 

sample heights. So that a calculation profile shapes could be made, a fundamental parameter 

approach was implemented and done on the basis of standard instrumental parameters with 

varying average crystal size (integral breadth) of the reflections. In all phases, lattice parameters 

and crystallite size were refined. The source of structural data for the known phases was ICSD 

database. The references of the data are as follows: rutile [62679], anatase [9854] [220]. 

3.3.5 Atomic Force Microscopy (AFM) 

An atomic force microscope (AFM) has a precise nanometer resolution which helps in inspecting 

insulators and controlling the atomic force for coated thin films. It has the ability to measure 

mechanical responses and also allows manipulation of individual atoms in atom-by-atom 

mechanical assembly. AFM used during the course of research 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 the primary tool used to measure the 

hydrophilicity of the surfaces. When drawing a tangent line from the droplet to the solid surface 

where the droplet touches it, the contact angle is the angle between the tangent line and the solid 

surface [221]. This technique is extremely surface sensitive, with the ability to detect properties on a 

monolayer. The following Figure 21 shows the different wetting 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 GmbH was used for measuring CAM during 

the course of research for this thesis. The hydrophilic property of the TiO2 coated thin films was 

evaluated by measuring the contact angle of a water droplet on the films under ambient conditions 

in air atmosphere. CAM was carried out using the Sessile-Drop method. For this, three droplets of 

de-ionized water were placed on a sample at an equal distance of 2 cm, with one drop in the 

center and two on each of its sides. Drop volumes were 5 µl and the deposition rate was 1 µl/s. 

This experiment was repeated three times, with the average value of the experiments taken as the 

measured value of a sample.  

The experimental error of the measurements was calculated at ±2°. CAM was applied four times, 

twice on the right and twice on the left, as per Figure 22, for the titania samples directly after 

coating and after annealing to test the hydrophilicity of the thin films.  

Measurement is restarted in six steps, the first being (1) drop orientation determination, followed 

by (2) setup instrument and then (3) adjust camera angle calibration to determine the surface’s 

vertical position and record it as baseline. The fourth step is to (4) capture an image and obtain the 

baseline at the correct level and store and reuse Baseline, 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°). 

(a) CAM of As-Deposited Samples 

The water contact angle of the deposited samples was studied under different conditions, the first 

of which being under initial settings, normal room temperature. Next, the samples were subjected 

to UV light with an intensity of 1.1 mW/cm2, and the contact angle was measured after both 

22 hours and 67 hours. Once finished, the three samples were 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 properties of different thickness was examined at an initial 

stage and after 67 hours of UV light, with Suprasil used as the substrate. Experiments were 

carried out under different substrate temperatures, ranging between 50 to 250 °C. 

3.3.7 Raman Spectroscopy 

Raman spectra were collected using a Bruker Senterra Raman spectrometer at room temperature. 

It is equipped with an Olympus BX series with the FlexFocus™ system for confocal debth 

profiling and a set of objectives with long and short working distances. The 532 nm line of 

a combined Ne/laser was chosen as the excitation source. A laser power of 20 mW was used, with 

an acquisition time of 15 s and 7 repetitions. The Raman spectra are presented in the range from 

90 to 1550 cm-1 with a resolution of ~3 cm-1, and have an automatic fluorescence rejection via the 

SERDS (Shifted Excitation Raman Difference Spectroscopy) method. All spectra have been 

baseline corrected, as well as for Bose-Einstein condensation [222] and subsequently, for the 

purpose of easier comparison, all spectra have been integrated and normalized to 1. The signal 

contribution from the substrate glass has been collected for each sample, subsequently scaled and 

removed from the individual titania spectra, leaving the Raman signal purely of the deposited 

TiO2 phase. 

3.4 Anti-Bacterial Properties 

The anti-bacterial properties of TiO2 coated thin films make them very useful for various 

consumer products and, most importantly, in the fields of medical, sanitation and foodstuff. By 

employing plasma-technical process in deposition, the concept can be used in more durable 

consumer products requiring disinfecting characteristics. 

To analyze anti-bacterial properties, tests were conducted by Dr. I. Trick at the Fraunhofer 

Institute for Interfacial Engineering and Biotechnology (IGB), Stuttgart. At IGB, Gram-positive 

bacterial strain, such as Sarcina lutea, was used. The cells were cultivated under optimal 

conditions. The coating experimental set-parameters for microbiological evaluation of Sarcina 

Lutea used as a Gram-positive bacterium are summarized in Table 6). The evaluation of the cell 

number, which was determined in the experiments, is shown in the photographic form (see Figure 

41). The cell number was determined by cultivation (Rodac-Agar plates) and identifying colony-

forming units. A cell number 2.9 x 106 cells sample was chosen and distributed homogenously on 

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

Titania photocatalytic measurements have been thoroughly studied by photochemists in the last 

20 years [8, 108, 223, 224]. These studies have taken into consideration the dependencies of degraded 

substances, pH-values, catalysts (manufacturer, doping, size of nanoparticles, concentration, etc.), 

and light exposure. Degussa P25, Sachtleben Hombikat, etc. can achieve efficiencies of a few 

percent depending on which preparation method is selected. Possible test substances that have 

‘simpler’ molecules than methylene blue in an aqueous system, namely isopropanol, 

dichloroacetic acid, 4-chlorophenol, methanol, oxalic acid and formic acid, were discussed. 

Standardization efforts photocatalytic measurements are still in the early stages. Overall, however, 

the majority of researchers have their greatest experience with methylene blue. 

This chapter presents the development of a measurement system for the simultaneous 

determination of photocatalytic activity for up to 8 rotated coated samples in an aqueous medium, 

which is also fully automatized online using the C++ programming language and the LabVIEW 

(National Instruments) system platform software. 

4.1 Calculation of Photonic Efficiencies  

The demineralization process was performed with a solution of 10 µmol/l concentration, with the 

initial concentration measured with the help of spectral photometers. 

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

expression that the rate of photomineralization of organic substrates via oxygen sensitized on 

titania surfaces follows, although with slight alterations [225-227]. A pseudo-first-order Langmuir-

Hinshelwood model, as developed by Al-Ekabi and Serpone [62], was used to determine the 

kinetics of the photo-degradation and to quantify the photocatalytic activities as shown in 

Equation 8: 

4 [	 82�2@ [	 mj		·	n	·	�o1 � n	·	�o Equation 8 

where r is the rate of decoloration of the methylene blue, C is the actual concentration and C0 is 

the initial concentration. K represents the equilibrium constant for adsorption of the organic 

substrate on the photocatalyst, and kr reflects the limiting rate of reaction at maximum coverage 

under the experimental conditions. The integrated form of Equation 8 is: 
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ln p�o� q	 � n��o 8 �� [ mr	·	n	·	@ Equation 9 

where t is the process time. At low initial concentration of the organic substrate, the second term 

in Equation 7 becomes smaller in comparison to the first term. Hence, omitting this term, the final 

form is shown in the following Equation 10:  

ln	 p�o� q [ m´ ·	@ Equation 10 

where k′ is the apparent rate constant of the photodecomposition (s-1). k′ is considered to be equal 

to the term (kγ·K). The k′ values can be obtained from the slopes of the straight line plots of 

ln (C0/C) against irradiation time t by the method of least squares, and the rates of dye degradation 

were calculated by multiplying the rate constants with the appropriate initial dye concentration. 

The k  ́values can be equivalent to the K·t term due to the experimental calibration. 

From the light used for illumination λ, the intensity of light I, was measured with a photodiode 

already calibrated and integrated to the measurement system. The speed of light in vacuum c and 

the Planck constant h, the photonic fluxes J0 is calculated, shown in Equation 11: 

touv��B�Fw [ 	 ] ⋅ yz	·	� Equation 11 

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

using the following Equation 12: 

ξ [ �o	·	m´	·	�	·	|}~	·	to  Equation 12 

where V is the cuvette volume of test methylene blue in accordance with the (DIN) 52980 

standard, NA the Avogadro number and A the illuminated film area. Determined for an assumed 

photoactive surface and an initial MB volume and concentration, irradiances below a specific 

maximum irradiance will yield zero-order kinetic behavior of the system. The initial 

concentration  c = 10 µmol / l corresponds to 3.56 mg/l. 

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

initial organic pollutant, is typical for the degradation rate of organic substrates. There are three 
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aspects that could account for this performance [28]. (1) As the surface layer of the solid 

photocatalyst is where the main steps in the photocatalytic process happen, reaction favoring 

associates with a high adsorption capacity. Because most of the reactions follow the Langmuir-

Hinshelwood equation, this means that at a high initial concentration all catalytic sites are 

occupied.  

The catalyst surface concentration is not affected by additional increasing the concentration, 

which could result in a reduction in the perceived first-order rate constant. (2) The production and 

movement of photogenerated electron-hole pairs and their reaction with organic compounds 

happen in series, and thus every stage could turn out to determine the rate for the overall 

procedure. The latter dominates the process at low concentrations; hence the degradation rate has 

a linear increase with concentration.  

Conversely, the former will become the principle stage at high temperatures, resulting in the 

degradation rate increasing slowly with concentration. If certain illumination intensity is 

provided, it is even possible to gain a constant degradation rate as a function of concentration. (3) 

The rate constant of parent compounds are also affected by any intermediates produced during the 

photocatalytic process. A higher concentration of adsorbed intermediates can be gathered from 

higher initial concentration, thereby affecting the total rate.  

4.2 Development of a Photocatalytic Measurement System 

In order to determine the photocatalytic properties of produced titania films, a photocatalysis 

measurement process was developed. Quartz cuvettes were used as containers for methylene blue 

during the demineralization experiments. The cuvettes were cleaned with a Hellmanex II (Helma, 

Germany) solution under ultrasound before being filled with methylene blue.  

The titania film samples were immersed in a methylene blue (MB) solution being dissolved in 

distilled water with an initial concentration of 10 µmol/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 
[123]

. 

MB Cuvette containing the concentration of the test solution was kept for 24 hours in the dark to 

ensure that adsorption equilibrium has been reached. One volume of the solution was brought into 

contact with the TiO2 films in one cuvette, and a second amount in a different cuvette was utilized 

as a reference. Thin films were deposited in a round surface with a diameter of 25 mm. The 

cuvettes were also covered with quartz glass lids during the photo-degradation test. A commercial 

TL 10 Philips Lamp emitting in the UV-A region of 350 to 400 nm was used to illuminate the 

films for 24 hours at room temperature (Figure 24, left), and the lamp was turned on 30 minutes 

before the start of the degradation experiment to achieve a stable emission spectrum as shown in 

Figure 24, right. It was observed that the absorbance of the TiO2 films was at its maximum when 

approximately 1 mW/cm2 UV-light was adjusted.  

 
 

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 (λmax: 366 nm). 
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To measure the optical attenuation induced by methylene blue in the cuvettes, a laser source was 

employed, and the output power of this laser source was controlled by a photodiode mounted 

behind a deflection mirror for the measurement radiation. A rotating chopper mirror was used to 

switch the measurement beam between (1) the reference channel passing the cuvette containing 

MB with an uncoated substrate and (2) the measurement channel passing the MB cuvette with the 

immersed sample. The beams from these two channels were steered into an Ulbricht sphere with 

a photo multiplier tube. Using this configuration, the AC-amplitude of the signal from the 

photomultiplier tube corresponds to the difference in the optical attenuation between the reference 

and the measurement channel, determined by comparing the coated sample with the reference 

sample. In order to quantify the measurement data, a software algorithm was created on the basic 

of the programming package LabVIEW with the aim of speeding up the recording and evaluation 

of photocatalytic process information [123]. This measurement process is approved as being 

compliant with the German Institute for Standardization (DIN) 52980 standard, and on the basis 

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

The development of the measurement system came in two steps. Firstly, the possibility to measure 

only one coated sample parallel to the reference one (Figure 23). In this case, a shutter was 

necessary to alternate between the optical ways through the booth cuvettes. Reference 

measurements were carried out simultaneously with a second channel by using a blind cover in 

the solution. The second step was the development of this procedure into an automated system for 

up to 8 separate samples, and also with the online measurement of photonic efficiency (Figure 

28). 

Reference MB solution measurements without a coated sample should show ‘phantom-

photoactivity’ due to, primarily, scattered UV-radiation or adsorption of MB to the sample or the 

cuvette surface. An example of this is shown in Figure Appendix I, (blue line). 

In order to take photocatalytic measurements of the thin films, they were placed under an Actinic 

BL TL 20 Watt lamp with pre-illumination conditions at the same level for 15 hours. A long-

wave UV-A radiation was emitted in the 350- 400 nm range, and the ratio UV-B/ UV-A was less 

than 0.1 % (UV-B between 280 to 315 nm). Figure 24 shows the measured emission spectrum for 

the lamp and the time needed for the stability of irradiation. 

The reaction temperature was kept at an ambient level using a cooling system placed between the 

light source and the reactor. The pH of the reaction suspension was not adjusted (pH free 

= 6.7~7.2). The suspended catalyst in the aqueous system was oxygenated continuously by the 

ambient air. 
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Prior to the photonic efficiency tests, a calibration procedure was performed by varying the 

concentration of the methylene blue solutions, using 0, 2, 4, 6, 8, and 10 µmol/l, and an 

absorption wavelength λ = 664 nm was chosen, as at 664 nm the transmission spectrum shows 

a minimum (Figure 25). The calibration graph used for further mathematical fittings is shown in 

Figure 26. A saturation effect was observed for high concentrations of methylene blue. 

 

Figure 25. Transmission Spectra of methylene blue cuvettes using 0, 2, 4, 6, 8, and 10 µmol/l. 

The experimental calibration curve with different concentrations of methylene blue, shown in 

Figure 26, was necessary to start the online measurements of the photodegradation of 

methylene blue under UV illumination. Useful process development was not possible without 

an accompanying characterization, so a precise automated measuring procedure was 

specifically made to determine the photocatalytic activity. 

 

 

 

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 can be achieved by optimizing the performance of 

measuring instruments. To achieve an optimal wavelength distribution of allocated radiation 

photodiodes, Ulbricht sphere, Optical Chopper, detectors and laser calibration procedure were 

adjusted. The C++ programming language and LabVIEW system design platform software were 

used to create data analysis software named ‘PhoCat’ with a LZH License. The goal of this 

procedure was to achieve the appropriate adjustment of the technical setups for a high 

reproducibility of photocatalytic activity tests. An inter-laboratory test comparing the coated 

samples from different external research partners could further optimize the development of 

photocatalysis processes. The impact of parameters, such as coating rate, temperature, source 

parameter and substrate pretreatment, on photocatalytic activity was analyzed in the processes 

above, and this analysis served as the basis for further enhancement of the coating parameters. 

Based on a total of 288 data points collected from the tests carried out, an empirical correlation 

equation was developed to express the reactant residue with respect to the UVA irradiance of 

1 mW/cm2. A rotation system was created to perform two tasks, to simultaneously measure 

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

 

Figure 27. Illustration of the method developed to measure 8 cuvettes for their geometrical thin 

film surface coatings. 

Identical approaches were taken to the test procedures, where the samples were first cleaned and 

then conditioned according to the DIN 52980 standard. The 10 µmol/l concentration of methylene 

blue solution used was set in accordance with the same DIN standard, and after completion of the 

coating process, the cleaning process was repeated with distilled water. The treated samples were 

examined as per the ‘underwater method’ rather than the drop method. The coated glass surfaces 

treated with methylene blue were standard glass substrates that were either spherical, with 

a diameter of 25 mm, or squared, with 50x50 mm dimensions. The samples were dipped in 

methylene blue for 24 hours and were analyzed using online measuring software. A light 

irradiation procedure was used for all samples, with Philips TL10 as the source of irradiation, and 

a maximum wavelength of 370 nm (350 - 400 nm) was used. These steps were repeated 3 times to 
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ensure accuracy of the results. The temperature in the chamber was kept under constant check, 

never being allowed higher than 40 ºC, and was measured with the help of a computer linked to 

the main apparatus. The cuvettes used in the process were covered with quartz glass to examine 

UV permeability. 

The existing automated measurement system, as can be seen in Figure 28, was created to be able 

to work within the experimental conditions previously mentioned. 

  
 
 

Figure 28. Illustration 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 determine the photocatalytic activity is illustrated in 

Figure Appendix I. A set of calibration curves, such as the transmission values in UV and visible 

range for different concentrations of methylene blue, were 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 efficiency was performed on the data collected through the 

variation of the solution’s concentration. The calculation created to perform this is found in 

Figure Appendix II. 

4.3 Photonic Efficiency Evaluation in accordance with ISO and DIN 

Standards 

Different characterization tests carried out at the LZH facility, in accordance with DIN 52980 

standard, were used to determine the photocatalytic activity (Info Appendix 4). Table 3 shows a 

comparison of demineralization methods used by LZH Center, based on methylene blue, and by 

Fraunhofer IST Institute, based on stearic acid. 

A total of five samples were used for a comparative analysis out of which three were Pilkington 

Activ™ samples used as reference and two were prepared at LZH using IAD process. This 

comparison depicts the existence of an appropriate correlation between the two demineralization 

methods.  

The following measurement system allows reproducibility and has the ability to take online 

measurements of many samples at once. This eliminates possible errors which may occur in the 

normal process of taking a small part of sample for parallel transmission measurement. Another 

important advantage of this system is that it provides an internal characterization method which 

can correlate with other instruments and methods described in Chapter 3. 
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Table 3. Comparison of the photonic efficiencies between stearic acid (IST) and methylene blue (LZH) 

 

Sample ID 
Demineralized Molecule 

1011 [J/cm2s] 
Photonic efficiency % 

(IST) 
Photonic efficiency % 

(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 
annealing 

22.25 
 

0.063 
 

0.069 
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5. Results of Photocatalytic Activity of Different PVD Processes 

This chapter contains a compilation of the results obtained regarding the different process variants 

in the PVD processes for optimization of photocatalytic activity. This compilation is to serve as 

a broad summary of the correlation details, and thus will not list every correlation between every 

different parameter. 

The PVD photonic efficiency is very small, often to the order of 0.01%. This affects not only the 

dyes but all excited photocatalytic reactions. The small amount of these dyes can be easily 

covered through parasitic mechanisms. Therefore, strict attention to the reliability of the ‘zero 

measurement’, necessary as an active reference sample with consistent preconditions in dark, light 

source, and initial concentration, has to be considered [81, 228]. To classify the activity obtained 

through the comparison to other films in the literature, here are some examples. Other results are 

already discussed in Chapter 2, Basics. Using the experimental set-up of an initial MB 

concentration of 10 µmol/l, irradiation intensities of below 5 W/m2 have been calculated for 

substrates comprising quantum efficiencies greater than ζ = 0.09% for colloidal TiO2 prepared by 

controlled hydrolysis of TiCl4 
[151]. The photocatalytic activity of TiO2 films is determined also by 

the affinity of its surface towards the reactants and solvents. With tailored surface properties, even 

such compounds can be photocatalytically reacted, to exhibit a practically negligible reaction rate 

if a standard TiO2 photocatalyst is used. Mesoporous films of TiO2 have been shown to be 

efficient photocatalysts, particularly for the degradation of dyes, yet their photocatalytic 

efficiency strongly depends on the respective degradation mechanism. In this experiment, the 

photonic efficiency of Pilkington Activ™ was 0.0236 [81].  

Pilkington Glass Activ™ represents a possible suitable successor to P25 TiO2, especially as 

a benchmark photocatalyst film for comparing other photocatalyst or self-cleaning 

films [121, 209, 229].  

5.1 Comparative Analysis of Different Coating Processes Using 

Methylene Blue Degradation 

The coating parameters discussed in this thesis are classified under the following six PVD 

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

 

Process Nr. Platform 
Ion-

Source 
Gas 

5 comparative PVD methods 

conventional e-beam  
without ion-source 

Process I BAK 760 
Without 

O2 

Ion Beam Sputtering Process 
II 

IBS  
Ar, 
O2 

 
 

Thermal e-beam evaporation  

Process 
III 

SYRUSpro 
1100 

APSpro 
Ar, 
O2 

 Process 
IV 

BAK 640 
Denton 
CC-104 

O2 

 Process 
V 

BAK 760 
Denton 
CC-105 

O2 

Optimized PVD method 

Thermal e-beam evaporation, developed  Process V,  
at high temperature 

BAK 760 
Denton 
CC-105 

O2 

 

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

repeatedly compared to the preparation of the photocatalytic layers. 

Illustrations 30 to 34 (pp. 71-77), shown in the sub-chapters below, depict the impact on the 

layers of the substantial coating parameters, which includes the ion-source, gas flow, discharge 

bias, and the process temperature and thickness. A comparison of the methylene blue degradation 

on the coated surfaces prepared with these different parameters is presented with uncoated glass 

as the reference sample. 

5.1.1 Influence of the Coating Processes 

The initiate comparative study was established for conventional (Process I), IBS (Process II), and 

thermal e-beam evaporation with (Process III). Conventional thermal evaporation methods 

(Process I) are used to clarify the influence that an absence of ion-assistance has, such as for the 

demineralization of methylene blue without operating any ion-source. More recently, ion-beam 

sputtered oxides have been found to exhibit optical properties which are superior to those of films 

of the same material deposited using thermal e-beam evaporation [163, 179]. These larger differences 

indicate a larger value of refractive index n for the ion assisted coating.  

In distinction to this, the Advanced Plasma Source (APS, Leybold) generates argon plasma. The 

oxygen for activated reactive evaporation processes is fed into this plasma over the aperture of the 

source by a special nozzle system. The major parameter controlling the energy of the ions 

impinging on the substrate is the bias voltage of the source. Due to the possibly influence on the 

photocatalytic performance, a check is required (see 5.1.3). 
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The process concept considered throughout is based upon the gridless end-hall ion-source Denton 

CC-105. A broad ion beam is transported through this source and can be operated with pure 

oxygen for the reactive coating of oxide compounds. Typical operation conditions consist of 

a discharge current of 3.0 A, resulting in a discharge voltage of approximately 220 V at a chamber 

pressure of 3 x 10-4 mbar, and a constant oxygen flow rate of 25 sccm through the discharge 

region. To initiate the ionization of the feed gas and to neutralize the ion beam, a voltage of 

approximately 10.5 V is applied to a tungsten filament (diameter: 0.635 mm, length: 13 cm) 

which is installed at the outlet of the source. The operation parameters selected greatly influences 

the mean ion energy and the energy distribution. Generally speaking, the maximum is found at 

approximately 50 - 60% of the discharge voltage. 

The degradation of MB over 20 hours (Figure 30) showed that TiO2 under UV-illumination is able 

to mineralize the organic compound dissolved in water and, consequently, water purification can 

be proposed as a technological application. The figure revealed that the photocatalytic activity 

curve, gained via the SYRUSpro 1100 using APS source at 250 ºC on thin films of 300 nm with 

a Bias equals to 70 V, contains larger differences in diminution of MB concentration extreme than 

the curve for the conventional e-beam evaporated coating and little faster than the IBS technology 

samples. 

In this deposition process, Pilkington Activ™, the commercial photocatalytic glass, was used as 

a reference. The photocatalytic activity level of commercially available materials used in roofing 

tiles, window glass and ceramic plates is usually at a very low level. The photonic efficiencies of 

these substrates fall within the range of 0.05 %; from 2000 UV photons one releases a straight 

reaction. There is a certain amount of loss in energy that can be attributed to the fact that charge 

carriers are produced deep inside the titania layer and must then be transported to the surface. 

The above evaluation of the different processes of methylene blue demineralization is shown in 

Figure 30, with the uncoated piece of glass as the reference sample. The process shown was 

carried out with BAK 760, using Denton CC-105 as the ion-source and oxygen as the reactive 

gas, using the parameters 250 °C, 0.15 nm/s, ~500 nm, and it shows the highest photoactivity 

level. The photocatalytic efficiency of the examined samples lies between 0.0170% (IBS) and 

0.0559% (IAD-CC 105). 

The rate of demineralization of methylene blue over 24 hours and the variation of the ratio of 

ln(C/C0) versus time were determined. The corresponding plots of 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: O2 and Ar) 

APSpro (thickness: 300 nm, 200 °C, gas: O2 and Ar), IAD with CC-104 (thickness: 300 nm, T: 200 °C, 

O2: 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 photodecomposition rate of methylene blue that 

was 1.8 times higher than commercially available products with a self-cleaning ability, and 

36 times higher when compared to uncoated substrates. These results are a consequence of the 

different technical parameters of the processes. Leybold SYRUSpro 1100, as the depositing 

apparatus, emits ions. Denton CC-105, as an ion-source, has the ability to generate reactive gas 

ions as a deposition parameter, while APS Pro can create ion streams with defined energy values 

in eV range. Denton CC-105 gives enhanced results in terms of photoactivity that are simply not 

achievable through conventional thermal processes, even with the use of high substrate 

temperature. 

All coatings show properties superior to the conventional electron beam evaporated coating. 

Depending on the desired application, a dense microstructure can be obtained by an adjustment of 

the parameters of the ion assistance. Although there has been significant progress in the ion-

sources processes, mainly II, III and V, the coating quality when using APSpro, Denton CC-104 

and CC-105 still differs. The subsequent experiment offers far-reaching opportunities for 

controlling the photoactivity variations. There are many properties proposed for the mentioned 

PVD processes, including layer composition control, dense coatings, high substrate temperature, 

low contamination and high deposition rates [39, 123, 210, 211]. Retarding Field Analyzer (RFA), 

named also ‘Faraday Cup’ being determined by the potential of the magnetic field, the discharge 

ion current, and the gas flow, reveals the ‘integral’ energy distribution of ions emitting from the 

ion-source. The RFA is a maneuver for measuring the current in a beam of charged particles. In 

its most basic form, the RFA comprises of a conducting metallic chamber or cup that intercepts a 

particle beam. An electrical load is attached which conducts the current to a measuring 
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instrument [230]. The number of ions or electrons hitting the cup can be determined by measuring 

the current. This concept is depicted as follows. 

�ig� [ � 2yig�2�jT� �jT�2�jT� Equation 13 

where Icup is the current and Uret is the potential.  

The energy distribution level of ions as the discharge voltage, maintained for APSpro, CC-104 

and CC-105, holds a practical importance in that it influences the adsorption level of atoms, 

thereby also affecting the morphology of the thin films. Figure 31, displays the results gained 

from the influence of the different ion-sources on the methylene blue demineralization rate [123]. 

Based on a total of 288 measured data an empirical correlation equation has been developed to 

express the reactant residue. The values compiled in Figure 31 demonstrate that the photonic 

efficiency for the IAD at 300 °C is by a factor of almost two or more higher than for the APS and 

conventional processes. Furthermore, also the coatings obtained after IAD with the CC-105 

source on cold substrates are much less photoactive than that on the hot substrate indicating that 

the substrate temperature has a crucial influence. 

 

Figure 31. Photonic efficiencies obtained for TiO2 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 TiO2 glass. 

5.1.2 Influence of Gas Flow 

Electron beam evaporation techniques have been studied with varying TiO2 deposition processes. 

Using a powerful electron beam, the source material, chiefly TiO2, a sub-oxide [231, 232] or Ti-

metal [233], is heated with an oxygen partial pressure below 3 x 10-4 mbar. A low chamber pressure 
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is needed when using a standard setup. In order to prevent scattering of the evaporated particles 

and the oxidation of the electron gun with a standard setup, a low chamber pressure is required, 

although it is possible to use higher pressures in the deposition chamber if the electron gun is 

differentially pumped. The evaporation rate is fixed at 0.15 nm/s.  

Results of the influence of reactive gas flow are presented in Figure 33 only for the case that the 

CC-105 was operated at discharge current kept constant at 2.5 A.  

 

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 materials can be achieved through the use of oxygen as 

a reactive gas, so that layers can be produced with extremely low absorbance [234]. The layer 

photoactivity after the use of a reactive gas in the range of 30 (±10) sccm cannot be greatly 

changed in the course of a coating process. 

From the Retarding Field Analyzer measurement (RFA) measurement, the previous result cannot 

be related only on the energy distribution of the separated ions of the oxygen. In anticipation of 

the investigation of three-dimensional emission characteristics, it should be mentioned here that 

the distribution of low-energy ions is less directed than the height of the energy content [235]. 

Through a change in the ion-source current values, it is possible to increase the ion energy 

transfer, then leading to an additional effect on the condensation of the layer and possibly a 

change in the microstructure. The precise influence of this ion dose on the variation of MB 

concentration under UV is thoroughly studied in the next few chapters.  

5.1.3 Influence of Discharge Bias  

According to the research reports on CC-105 on the last years [211, 213, 235], the correlation between 

the discharge voltage and the peak position of the ion energy distribution is not clearly defined in 
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the regulation mode with constant discharge current and gas flow. As a consequence, keeping the 

discharge power supply parameters constant is no absolute guarantee for a constant ion energy 

distribution. 

During Deposition Process III, in which SYRUSpro 1100 and APSpro were used, a bias of 

60 volts resulted in good photoactivity of the films, which was revealed by measuring the level of 

methylene blue demineralization. Photoactivity then gradually decreased when the bias voltage 

was increased from 60 to 130 V. Both the energy distribution of the ions and the spatial 

distribution of the ion-current density were dependent on the high level of stability of the ion-

source parameter. The influence of bias voltage on the demineralization, changed depending on 

which ion-source was employed for the process. The ion-source works under strong magnetic 

fields, thus showing a correlation between the magnetic field and conductivity, which then in turn 

will affect the bias. Using two different magnetic fields, B and B0, it is possible to create 

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

∆��  [ m · 6T�  ln p �
��q Equation 14 

where ∆Vp is the potential difference in plasma, k is the Boltzmann constant, Te is the electron 

temperature, and e is the elementary charge. A varying bias expresses a change of potentiel Vp, 

and during the ion-source working, the field B0 become denser than B.  

The ion energy of ions hitting the cathode largely associates with this bias. Practically, the bias 

applied to the substrate governs the energy of ions arriving at the surface of the growing film. 

A sheath is formed between substrate and plasma because of this bias, causing the potential 

difference between plasma potential and surface potential to drop. 

The discharge current range is in agreement with the mentioned information, and this current 

allows for the controlling of the ion flux during coating. This effect interferes with changes in the 

shape of the plasma, from which the ions are extracted. The potential difference in plasma helps 

to analyze the ion energy measurements which directly correspond to the ion energy distribution. 

As can be seen above, the APS ion-source, with different bias values, affects both the potential 

created and the ions distribution. Consequently, the range of the discharge current influences the 

absorption of Ti atoms on the surface, which then affects photocatalytic characteristics. Figure 33 

shows the influence of the discharge current on the decomposition 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 bias voltage is non-neutral, comprising 

predominantly of the thermal and structural equilibrium. The bias voltage of the body of the 

source is the main parameter controlling the energy of the ions impacting on the substrate. A bias 

voltage of 0 V characterizes the conventional e-beam PVD process without ion assistance. 

Additionally, the increase of potential variation for the APSpro ion-source cannot be conforming 

to the mentioned structural equilibrium needed. 

The titania layers are optically and morphologically adequate with an APS bias voltage of only 

60 V, being, for example, stress free [211], whereas higher bias voltages cause compressive film 

stress and a low refractive index, such as at 80 or 130 V. 

5.1.4 Influence of Temperature 

A comparison of the deposition process carried out using different ion-sources at different coating 

temperatures shows that Balzers BAK 760, at 200 ºC and using Denton CC-105, achieves 

a comparatively faster decolorization, resulting in an almost colorless solution. This was 

compared  to SYRUSpro 1100 with APRpro at 50 and 200 ºC and Balzers BAK 760 with Denton 

CC-105 at 50 ºC, where the methylene blue concentration was only reduced to half, from 

10 µmol/l to 5 µmol/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 not greatly disturb the photocatalytical oxidation 

rate [19]. This reliance, albeit low, on temperature by the degradation rate can be seen by the low 

activation energy (a few kJ/mol) as contrasted to normal thermal reactions. It is possible that the 

organics’ photodegradation is managed by hydroxyl radical reactions as the activation energies 

are similar to that of hydroxyl radical formation [236]. The interfacial electron transfer speed to 

oxygen could be capable of controlling the effect that temperature has on the oxidation rate [237]. 

The swift desorption at higher temperatures of both substrates and intermediates from the catalyst, 

on the other hand, is likely another factor in this process, which could lead to a greater effective 

surface area for the reaction. At this step of the process, the rate-limiter is desorption at lower 

temperatures [238]. While only relatively small alterations (0.04 eV) have been discovered in 

relative positions of the Fermi level of titania powders at temperatures between 21 to 75 eV, an 

increase in temperature results in the observation of improved interfacial electron-transfer 

kinetics [239]. 

The rate of decrease is significant in the case of titania films coated at higher temperatures. This 

increase of photocatalytic activity can be related to the surface morphology, crystal structure and 

the enhanced photo-response of titania films as shown in Chapter 2 (2.2.3, 2.2.4 and 2.2.5)  

reviewing the current literature. Thin films coated at 200 and 300 °C had a higher surface 

roughness, which lead to an increase in the effective surface area and thus improved the activity, 

as shown in Chapter 7 and Chapter 8. In this case, the grain boundaries are reduced and a less 

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

Figure 35 exhibits that the photocatalytic activity has a relationship with the coating thickness, so 

that photoactivity is low when the coating thickness is between 15 nm and 150 nm, but increases 

gradually between 200 nm and 550 nm. Beyond 600 nm coating thickness, photoactivity remains 

almost constant. 

The effect of the coating thickness, from 15 to 1000 nm, on the photocatalytic activity of IAD 

films has not been previously reported in the literature. For other deposition methods, this critical 

effect relates to a limited diffusion length of the charge and a cumulative light absorption with 

increasing film thickness as tested by H. Tada et al. [93]. They reported that the critical film 

thickness was ca. 100 to 150 nm and so deduced a charge carrier diffusion length of 

approximately 300 nm. The effect of film thickness generally indicates a dependence on the thin 

film preparation technique, and/or the investigational setup for analyzing their photocatalytic 

performance, i.e. the size and nature of the organic test element used. This reasoning has been 

confirmed by the IAD experiments using column-grain structure (see Chapter 6). 

 

Figure 35. Influence of the deposition thicknesses using Process V on the degradation of 

methylene blue.  

Figure 35 shows that the photocatalytic activity depends on the film thickness and can be 

presented in three regions: Region I: below 150 nm; Region II: 200 to 550 nm; and Region III: 

over 600 nm. To understand this dependence, K. Eufinger et al. demonstrated in 2008 that the 

column-grained film structure explains the reasons the carrier diffusion cannot be the limiting 

factor for these films. Charge carriers generated inside the grain do not need to diffuse for more 

than 25 nm to reach its surface [3]. Based on these results, it has been discovered that the most of 

the incoming light is absorbed in the first few 150 nm of the film and that increasing the film 

thickness leads to greater performance. 150 nm is the critical value for the photocatalytic activity 

dependent on the methylene blue degradation. 
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A higher surface area of the catalyst, as a general rule, increases decomposition with the catalyst 

as there is a greater surface area available for adsorption and degradation, depending on the 

sample thickness. There is an ideal value available, where the solution opacity increases when 

above a certain concentration as a result of increased light scattering of the catalyst particles. This 

then reduces the light penetration in the solution, thus diminishing the rate [240-242]. An additional 

point to consider is that terminal reactions (such as Equation 15 and Equation 16) could be a 

factor in the photodegradation rate attenuation. The formed hydroperoxyl radical is not as reactive 

as the HO
. one: 

H. � HO. 	→ H�O�			 
Equation 15 

H�O�			 � HO. 		 → 	 H�O		 � 	HO�.  
Equation 16 

The ideal catalyst dosage reported for photoreactors has a large range from 0.15 to 8 g/l for 

different photocatalyted systems and photoreactors, which only grows with increasing light 

intensity [72, 243]. This ideal dosage is, under certain conditions, significant when designing slurry 

reactors that make use of the reactor space and catalyst. A photoreactor will be under-utilized if 

the optical penetration length at any illumination intensity and catalyst concentration is less than 

the solution layer thickness. In addition to this, TiO2 immobilized systems also have a prime 

catalyst film thickness. As a result of the film being porous, the catalyst thickness is proportional 

to the interfacial region and so catalytic oxidation is favored by thick films. However, increasing 

the thickness increases the internal mass transfer resistance for both organic species and 

photogenerated electrons/ holes, which then in-turn will increase the recombination possibility of 

the electron/hole pair and so decrease performance degradation. 

5.2 Comparative Analysis of Different Coating Processes Using Other 

Dyes: Interlaboratory Tests 

For systems of activity evaluation, the suitability of methylene blue (MB) has been studied as 

a representative dye by, for example, comparing the decomposition of acetic acid (AcOH) in its 

aerated suspension system. Other reference tests have been done. The uncoated side of the same 

substrate was used as a standard reference for the discoloration of MB, with the commercial 

samples of Pilkington Activ™ supporting this continual comparison. Other assistance in 
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comparison came from continuous and parallel complementary work with project partners, such 

as the stearic acid degradation procedure in Fraunhofer Institute (IST).  

Additionally, the IAD samples were sent to German DIN Standarization for the following 

Interlaboratory tests: 

5.2.1. Stearic acid and luminescent dye tests, (Fraunhofer Institute IST, Braunschweig) 

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

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

 
 

 

 

Sample ID Photonic Efficiency
 at t= 900s 

IAD, #1 0.0432 
IAD, #2 0.0396 

IAD, #3 0.0288 

IAD, #4 0.0336 

IAD, #5 0.0359 

IAD, #6 0.0325 

IAD, #7 0.0314 

Pilkington_1 0.0181 

Pilkington_2 0.0164 

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

For thin layers of stearic acid a strong correlation between the light scattering, or the Haze value 

(H) of the layer and the mass density µ [g/cm2] was observed. This correlation can be described as 

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

:�@� [ :���	 8 u:���	 8 :�@ [ 0�· expu 4�·�		·	@w	 
Equation 17 

where H(t) is the temporal development of the haze, rd corresponds to the decomposition rate and 

B to the calibration parameter, which is 7.2 x 106 mm2/g ± 9% for the prepared stearic acid 

layers [207]. 
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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 luminescence 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  
CC-105 

0.060 0.035 

 

5.2.2. Photocatalytic surfaces based on a solid state luminescent dye 

An europium (III) complex showing the typical intense 5D0 → 7F2 transition with an emission 

wavelength maximum of 615 nm upon excitation at 350 nm (Figure Appendix  III). The dyes are 

deposited onto the samples using an ultra-high-vacuum deposition technique as thin-films 

spanning from 10 to 100 nm. The procedure is then agitated with 20 W/m2 at 365 nm with a LED, 

and the luminescence is time-dependently monitored with a spectrofluorimeter. The dye 

luminescence displays only a minor reduction in inactive substrates such as glass, yet exhibits a 

significant decay on photocatalytically active substrates. [244] 

Pilkington Activ™ samples were the self-cleaning reference in tests carried out. The IAD samples 

(A, B and D) were coated via Process V using an ion assisted 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 reduce the luminescence intensity to zero within the 

measurement time (Figure 38). The characteristic emission lines of the europium complex vanish 

completely, which expresses a total decomposition of the dye layer. 

While the mechanism of the solid state luminescent dye method is not totally cleared, there is 

proposal that the decay of the dye luminescence is based on the photocatalytic effect.  

5.2.3. Photocatalytic performances using ‘Reduction of NOx’ and Acetaldehyde 

The photocatalytic activity of samples from earlier optimization procedure was tested to 

determine the degradation of NO and acetaldehyde, and was carried out at the University of 

Hanover by a developed research group consisting of Prof. D. Bahnemann.  

Samples created via four different processes, all sized 50 x 100 mm2, were used to determine their 

photocatalytic activity by the degradation of NO and acetaldehyde under UV (A) tested 

irradiation. These four processes are A: conventional without IAD (Process I), B: IBS 

(Process II), C: (Process II) and D: Process IV (IAD, CC-105). Before measurements were taken, 

all samples were preconditioned for 7 days under 1 mW/cm2 UV-A light. 
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Figure 39. The photocatalytic performance results from D-TOX, c/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/NO2-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 oxidation of NO proceeds to nitric acid, via nitrous acid and 

a radical based mechanism [245- 247]. The key photocatalytic reactions are illustrated in Equation 

18(a) and Equation 18(b).  

Recent work [248] reveals that the accumulation of nitric acid on the surface promotes its 

photocatalysed reaction with NO that generates the toxic product NO2 , Equation 18 (c). 

4	|9	 � 9� � 2:�9	 ���Q,				
	⩾		��
������������ 	2	�:J�99:	         (a) 

2	:|9� 	� 9� 	���Q,				
	⩾		��
������������ 	2	:|9J																															(b) 

2	:|9J 			� |9	 ���Q,				
	⩾		��
������������ 		3|9� �	:�9																	(c) 

Equation 18 

Other recent work [249] indicates that the acetaldehyde is first oxidised to acetic acid (Equation 

19a) and then to formic acid, formaldehyde (the acids being adsorbed onto the surface of the 

titania) (Equation 19b) and then, finally to CO2 (Equation 19c):  
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2	�:J�:9	 � 9� 	→	 	2	�:J�99:	                               (a) 

2	�:J�99:	 � 9� 	→	 	2	:�99: � 2:�:9																	(b) 

2	:�99:	 � 2:�:9 �	39� 	→	 	4�9� � 4	:�9										(c) 

Equation 19 

Kinetics of a heterogeneous photocatalytic reaction is greatly influenced by two major factors: the 

concentration of the substrate of the interest and the efficiency of charge separation in 

photocatalyst. Several groups have reported on kinetic studies of the gas-phase heterogeneous 

photocatalytic reactions [249]. In this work, the effects of the adsorption affinity of substrates and 

the efficiency of charge separation in the photocatalyst on the kinetics of the photocatalytic 

reactions were investigated. In this regard, three gaseous compounds: acetaldehyde, and nitric 

acid were picked up as model compounds. They were chosen because of its properties, and they 

can be considered as representatives compounds, respectively. 

After the coating processes were applied to the substrates, they were exchanged with other 

research partners. Resulting from this exchange, multiple tests were utilized and therefore there 

was an expectation of either reproducibility of the luminescence loss or a reduced luminescence 

loss from the deactivation of the substrate. These IAD samples also display the photocatalytic 

performance as previously observed (see Chapter 5.1). One of the difficulties facing researchers 

working with qualification methods, that there is still-as-yet no reliably defined and readily 

available photocatalytic substrate standard, can be solved by these IAD samples. The developed 

luminescence method can deliver a new method for assessing self-cleaning properties. 

The methods of photocatalytic measurements depend on the same principle; they all monitor 

decomposition of various kinds of model pollutants. They may be gaseous like nitric oxide, 

liquide or dissolved in water like methylene blue or applied on the sample surface solid film like 

stearic acid.  

5.3 Photocatalytic Disinfection and Microbiological Analysis 

The experimental set-up for microbial tests using Sarcina Lutea as spherical Gram-positive 

bacteria has been described in-depth in Chapter 3, Experimental. Sarcina Lutea is yellow when 

grown nutrient agar. The microbial evaluation carried using Sarcinia Lutea (Micrococcus Luteus) 

in 7 hours with a distinct 5-6-log reduction of the cell count showed high inactivation of 

microorganism on TiO2 thin films deposited with PVD-IAD, which proves that the films have a 

good antimicrobial efficiency.  
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These results were compared with reference kept in the dark. The results show that Sarcina Lutea 

survived in the dark on all of the surfaces. Most of the studies have concluded that the main 

mechanism for the killing was HO· attack and lipid peroxidation reaction [73, 248]. The presence of 

UV/TiO2 in the membrane photocatalytic destroys the microorganism. In the presence of oxygen 

and water, highly reactive OH-radicals are generated by IAD thin films and ultraviolet exposure. 

This present study investigated the disinfection of bacteria, with the experimental set-parameters 

summarized in Table 6 and Figure 40 illustrating this inactivation. The temperature was kept at 

350 °C, and the thickness at 300 nm. (More details see Info Appendix 5). 

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

 

Sample Time Process & Position 

 [h] left right 

a1 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 - 

a5 24 IAD, 30 sccm, 4 A uncoated 

b1 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 

  



86 

  

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 thin film on bacteria was selected to be used on the 

model Sarcinia Lutea. Ultraviolet illumination applied alone did not affect the viability of 

bacteria, and all bacteria survived well in the absence of TiO2 thin film. The formation of bacterial 

colonies on the TiO2 surface decreased significantly. The resulting image of the microorganism in 

the presence of photocatalytic active films showed that nearly complete killing was achieved after 

7 and 14 hours of UV illumination. The samples used without coating and coated in dark help for 

comparison. The Figure 40 shows that the 40 sccm is more suitable than 30 sccm, and the Figure 

41 exhibits that 4 A more effective than 2 A at 250 °C, and more increase in temperature to 

350 °C doesn’t ameliorate considerably the photokilling.  

As explained in Chapter 4, a redox system, along with oxygen and water, is formed on the surface 

of films upon its exposure to UV illumination. This entails separation of electrons (e-) and 

electron holes (h+). In the oxidative process, the electron holes play an important role as they 

generate highly reactive OH-radical from water [250]. These radicals are capable of removing 

germs and bacteria. This eradication of microorganisms is due to the oxidation effect of the 

surface and the reactive species that can be produced because of TiO2. 

For possible antimicrobial use with real-time substrate heating or post annealing, currently 

required for available thin film deposition processes, photocatalytic titanium dioxide films have 

been extensively studied. Photocatalytic performance of the deposited specimens is tested with 

methylene blue solution, and antimicrobial efficacy is evaluated through the use of as industrial 

standard for better understanding the relation between photocatalytic effect and antimicrobial 

efficacy. The result shows that columnar TiO2 film with an anatase phase structure can be 

prepared within a proper coating parameter range (see Chapter 6). The oxygen partial pressure 

and the ion doses (discharge current) favor the antimicrobial activity. As a result, the 

photocatalytic efficiency and the antimicrobial activity of the deposited film reaches their 

maximum potential when ion-source oxygen flow is high (30 to 40 sccm) and the ion-source 

current is increased (2 to 4 A). The presence of anatase phase is what determines the majority of 

the photocatalytic efficiency and antimicrobial activity of titania films. 

Finally, this chapter shows that the different laboratory tests and different methods used give 

effective and promising comparative results for photocatalytic performance, even overcoming the 

problems of the challenging IAD process (Process V), as compared to other processes. This work 

demonstrates that optics prepared with both the conventional method, that being without ion- 

source assistance, and the IBS method are not photocatalyticly active. These methods are used in 

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

The understanding of surface and microstructure properties was one of the main aims of research, 

and the goal of surface analysis phase was to examine the morphology of the TiO2 surfaces. This 

morphology study is useful to determine the correlation between the optical properties and 

photoactivity. A spectrophotometer (SPM) is a suitable device to correlate between transmission, 

reflection, and photoactivity. This characterization also requires measurements of the contact 

angles for hydrophilicity and hydrophobicity in conformity with the International Organization 

for Standardization (ISO), the United States Military Standard (MIL-STD), along with abrasion 

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

After the coating process, the layers were examined to evaluate the basic photocatalytic 

characteristics. The optical characteristics of the thin films are determined by the process 

geometry, the source and reactive gas parameters, and the activation procedure. The most 

important aspect in the characterization process is to evaluate the morphology aspect of 

transparent monolayers. Another important factor to consider is the microstructure, with the 

former determining optical absorption and the latter affecting the photocatalytic properties and 

scattering loss of the layers. 

6.1 Investigation of XRD Crystal Analysis 

For XRD crystal analysis and TEM investigation, the following results offer the investigation into 

the basis of the optimization of coating processes. Already shown in Chapter 2, a review of 

relevant literature, the evaporation rates for IAD all experiments can be quite high, namely on the 

order of 10 nm/s. It is possible to obtain crystalline (anatase or rutile) thin films by either heating 

the substrate during deposition or annealing after deposition. The thin films’ microstructure can 

be managed by the starting materials, the substrate temperature [104,251], the angle of incidence [6], 

the deposition (O2) pressure and the evaporation rate [252]. Studies looking at a variety of 

parameters are given in L. Wanga´s work [208]. To control the thin film microstructure, a typical 

IAD layer on a hot substrate was employed. For high crystallinity, the following results are 

discussed: 

� Annealing at temperatures between 300 and 500 °C is needed to obtain crystalline anatase 

films [253, 254]. 

� An advantage of PVD is that the process conditions can be controlled to yield crystalline 

thin films without annealed substrate [90].  
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� Once diminishing the grain size below ca 10 to 20 nm the degree of crystallinity is strictly 

reduced due to the high surface to bulk ratio, ever since the grain boundaries represent a 

high defect state. The photocatalytic activity of such films increases by a factor of almost 

3 when crystallizing anatase [255], confirming that a higher degree of crystallinity is indeed 

beneficial.  

� Na+ can inhibit crystallization by increasing the temperature needed for 

crystallization  [205].  

� Often the grain size and/or crystallinity of the thin films are not clearly defined or have 

a large spread, so that dependencies cannot be defined well. Crystallinity of the thin film 

increases by increasing the number of crystallites as well as their size. Since the grain 

surface can be taken as a highly defective, non-crystalline phase the crystallinity increases 

with grain size (lower surface to volume zero). 

� Amorphous or nanocrystalline films are expected to form at low particle energies and low 

substrate temperatures, which is confirmed by experimental results [256-260].  

 

Figure 42 represents the typical X-ray spectrum of TiO2 coated using the IAD process. 

 

Figure 42.Typical X-ray diffraction spectrum with corrected background for TiO2 layers coated 

using IAD. 

The result of the IAD layer shows a high diffraction reflex (004) and depicts a preferential crystal 

orientation. The X-ray diffractions show that the microstructure is anatase, with the anatase 

crystal structure having diffraction reflexes (101) for 2θ = 25° and (004) for 2θ = 37.7°. The 

lattice distances are 3.50 Å and 1.87 Å, and are in accordance with ones obtained from anatase 

(101) and (200). These diffraction reflexes are in agreement with those documented in the 

literature (XRD data base: ICDD PDF 21-1272) for lattice distances of 3.52 Å and 1.89 Å. 
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The above results are caused by the influence of ions or high energy neutral particles, meaning 

that the suitable evaporation procedures are those that work with oxidic raw materials or Ti-metal 

combined with ion-sources. Several process concepts, with particular attention given to the 

deposition of TiO2 layers during the production of high optical function layer systems (Chapter 7). 

This investigation showed that there was a good possibility to adapt process concepts in the optic 

functional layers range. Additionally, An allocation of the 2 theta shift at 39°, high (004) reflex, 

was also observed in an external XRD investigation (Figure Appendix IV). 

6.2 TEM and DS Examination 

Crystal analysis is illustrated in the following set of pictures, Figure 43. 

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 of 5 to 10 nm, and the nanostructure of glass 

coated with titanium dioxide is clearly recognizable due to its crystal orientation in above (B). 

The sequence of the Debye Scherrer rings in Figure 43 (C) is typical for TiO2 anatase, as the rings 

(101) and (200) are recognized clearly in the process. All rings are well-developed and show 

a high portion of oriented crystals, which is made obvious on the basis of the ring (101).  

Using a transmission electron microscope and SAED, the captured images of the surface 

microscope shows that IAD coating under defined process parameters (250 °C, 30 sccm and 

300 nm) enabled high crystallinity, i.e. more than 95 % of crystallite phase and a high photo 

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

The two most important factors that add value to a coated surface are the adhesive strength and 

the durability, both of which make the coated surface more practical. It is essential for substrates 

to undergo appropriate preconditioning processes in order to gain these characteristics. These 

preconditioning processes can have an impact on the crystallinity and surface morphology of the 

thin films and can also be carried out by conventional means such as lacquer finish, the manual 

usage of chemicals, and plasma etching. The latter two conventional processes, application of 

chemicals and plasma etching, were investigated. In order to analyze the microstructure and 

morphology of the surface, the following techniques were employed: Scanning electron 

microscope (SEM), Atomic force microscopy (AFM), Qualitative chemical Analysis (EDX), X-

Ray Diffraction (XRD) and Debye Scherrer (DS), Transmission electron microscopy (TEM) and 

Contact Angle Measurement (CAM). 

6.3.1 Energy–Dispersive X-ray Spectroscopy Chemical Analysis 

Both Menzel glass and Suprasil glass were used as substrates for the EDX chemical analysis. 

Suprasil substrates were utilized to avoid the negative impact of impurities, such as sodium and 

potassium, on the photocatalysis. 

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

TiO2 layers on Menzel and Suprasil quartz samples.  

 

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 Menzel quartz glass in the graphs 

demonstrates that the two types provide different results.  

EDX analysis of the two uncoated substrates confirms the presence of various elements on 

Menzel glass, such as Na, K, and Ca. These chemical impurities limit the use of Menzel where 

high purity and OH content affects the morphological and optics properties.  

The presence of such elements affects the coating process, and also the photocatalytic ability of a 

surface (Figure 45). Pure quartz Suprasil was found to be free of these elements, which resulted in 

a higher visual quality as compared to Menzel, making it more suitable for use when high optical 

quality is desired. Though Menzel has a lower visual quality, it does have its own benefits as a 

borosilicate glass, namely a resistance to chemicals. It is also more commercially available and 

there is little difference in the anti-bacterial characteristics and morphological properties of the 

two. This makes Menzel useful for certain purposes and is a good choice when comparing 

different substrates.  

It has been discovered that the photocatalytic activities of TiO2 PVD thin films are reliant on the 

type of substrate that is used. The presence of argon in the EDX spectra of films coated using the 

APSpro ion-source, Process II, is due to argon being used as a reactive gas. 
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(a) Process II:  
APSpro investigation  

(250 °C, 300 nm, Bias 60). 
 
 
 
 
 
 
 
 
 
 

(b) Process III:  
IBS deposition  

(250 °C, 300 nm). 
 
 
 
 
 
 
 

(c) Process V:  
IAD with Denton CC-105 (250 
°C, 300 nm, 25 sccm, 2.5 A). 
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Figure 45. Energy–Dispersive X-ray Spectroscopy Chemical Analysis. 
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A suspected influence on the activity of the film was the ions diffusing from the substrate into the 

film. The decline in photocatalytic activity was associated to the effect of Na on the grain growth 

in the thin film upon different processes [204].  

Na may inhibit the crystallization of anatase while also increasing the particle size in the film. It is 

thought that, by annealing films, Na creates a shallow donor state in TiO2, making it an unlikely 

recombination center.  

All of this makes it possible to conclude that Na in the films, by changing the particle size and not 

by acting as recombination center, affects the photocatalytic activity. This clarification leads to 

using Suprasil quartz for the analysis in Chapter 7. 

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

step is needed after deposition, and so use glass free substrates [194].  

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

TiO2 properties is by the correct selection of glass substrate to escape Na-contamination. 
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6.3.2 SEM Analysis 

The SEM pictures shown in Figure 46 reveal that samples deposited using conventional method, 

APSpro ion-source and Denton CC-104 and ion-beam sputtering process exhibit small grain sizes. 

  

 

Figure 46. SEM Results of different deposition processes. (a) Process I: Conventional method 

(250 °C, 300 nm). (b) Process II: APSpro investigation (250 °C, 300 nm, Bias 60). (c) Process III: IBS 

deposition (250 °C, 300 nm, with 15 sccm Ar, 30 sccm O2). (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, 

2.5 A). 
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However, if the films were deposited using an IAD e-beam evaporator with CC-105, they showed 

a bigger grain size. It is possible to retain the particle size of Merck’s commercially available 

Titania P25. Commercially available anatase is typically less than 50 nm in size. These particles 

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

The cross section SEM results obtained for the deposition processes are shown in the following 

figures. Their images are representative of various deposition set for a comparison between the 

optimized process (Process VI) and other processes.  

Figure 47. Representative cross section comparison between different processes. (a): using APSpro 

(250 °C, 300 nm, Bias 60); (Pr. II), (b): Ion sputtering technology (250 °C, 300 nm, with 15 sccm Ar, 

30 sccm O2 ); (Pr. III), (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 columnar structure of the deposited titania by 

different process parameters. The IAD films feature uniform cross-sectional structures for IAD 

processes. Additionally, the average particle size of the columnar structure was calculated using 

the values obtained from several SEM micrographs. The morphology of a titania thin film is 

facilitated by its roughness. Films deposited by APSpro and by IBS show a smoother surface, and 

therefore might be more hydrophobic than the films deposited by IAD process as shown in 6.1.3 

and in Chapter 7. 

(a) (b) 

(d) (c) 
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The ion flux value of the samples consistency does not play as big a role in this regard as it does 

for other coating types. Comparatively low energy (~300 eV) ions are more desirable than higher 

energy ions when attempting to minimize substrate sputtering while still maintaining enough 

energetic activity to result in the above effects. 

The ion-source used grants a monoenergetic, neutralized ion beam that is focused coated 

substrates. This configuration grants several additional features over conventional plasma 

preparations providing ion bombardment of the substrate, including intrinsic control through the 

ion beam, the independence of the bombardment process from the deposition process, and the 

ability to precisely measure all critical deposition parameters. Another characteristic regarding 

IAD is that substrate cleaning can be quickly accomplished prior to deposition by controlling the 

appropriate gas through the ion-source. 

SEM analysis reveals that the samples deposited using Ion Beam Sputtering have a smoother 

surface than samples deposited using a thermal evaporation method, as shown in Figure 46. From 

the results it can also be seen that samples deposited using IAD can produce a surface with 

a rough morphology, and at approximately 250 °C, the IAD process improves the photocatalytic 

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

If a thin film has a flat surface and a fully dense structure, the geometrical area of the substrate 

equals the active surface area. If it has a rough surface, however, it will have a larger area gaining 

more photocatalytic activity. It is possible to approximate this area increase on the supposition 

that the surface consist of a collection of semi-spheres [3]. 

The layers appeared with a granular morphology, which is of interest as this increases their 

photocatalytic activity. The analytical methods of SEM and AFM characterized the morphological 

properties. It was found by scanning electron microscopy that all TiO2 thin films were 

homogeneous and continuous. It is possible for smooth TiO2 films (Process II and III) to offer 

numerous useful optical and corrosion-protective properties, and in addition the roughness on 

TiO2 films (Process IV and V) can improve the inherent photocatalytic activity. TiO2 films 

prepared with IBS (Process II) showed poor photocatalytic activities because of the defect level 

generation caused by the bombardment of the high-energy particles on the growing film surface. 

6.3.3 Scanning Probe Microscopy by Means of AFM 

To analysis the optical surface quality, all the titania films were 300 nm thick. To examine the 

sample surfaces, AFM was used due to its high resolution, of 1 µm. Figure 48 shows two-

dimensional TiO2 film pictures deposited with ion beam assistance for samples from cold and 

heated processes with a varying reactive oxygen level and ion current assistance. It obvious that 
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the surfaces of the films exhibited a high degree of roughness and the films became rougher when 

the deposition temperature increased. To compare between coating with and without ion-source 

assistance, the three-dimensional AFM photos below show the surface structure and the 

densification of operated films. 

Figure 48. AFM investigation for films with and without Denton CC-105 for the scan area of 5 µm x 

5 µm. Left: Conventional method without IAD (250 °C, 300 nm). Right: with IAD method (250 °C, 

300 nm). 

An area of 2 µm x 2 µm was scanned for titania layers extracted from the AFM images to contrast 

the grain sizes and roughness of titania coatings created both with and without IAD. Two essential 
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pieces of information were identified from this comparison, the first of which being that the width 

of the column is approximately 6 nm for the conventional process and 26 nm for the heated IAD 

sample. The second point gained was the rough mean square (RMS), given in formula as such: 

��� [	 �∑ ∑ �������F���F |�  
Equation 20 

where Znm is the height of column extracted from AFM data’s. That RMS depends strongly on the 

scan size gives an indication that the surface has fractal behavior [261].  

IAD-TiO 2 are rougher, having a RMS higher than 6 nm while also displaying a more open surface 

than conventional TiO2 layers, whose roughness is typically less than 3.2 nm. 

Figure 48 shows the difference aspects of ´Section Analysis´ of samples heat-treated, for the 

titania using ion assisted source. The coating with APS source is amorphous. It can be concluded 

that deposition with Denton CC-104, the particles of titanium dioxide remain more agglomerated, 

and the crystallization rate of titania is reduced. These AFM pictures show that the morphology of 

the layers is influenced drastically on the deposition process used. 

The results illustrated in both Figure 46 and Figure 48, clearly show the difference between the 

conventional method and the IAD process. It can be seen from an SEM investigation of TiO2 film 

without Ion Beam Assistance that the grain size exhibits 30 to 110 nm. This demonstrates that the 

lateral grain size on the layer surface amounts to 20 to 80 nm for the films deposited with Ion 

Beam Assistance, which is smaller when compared to the conventional technique.  

Additionally, the average roughness value is between 4 to 8 nm, shown in Figure 48, left, and 

between 15 to 30 nm, Figure 48, right, which also varied depending on the type of ion-source 

used and the ion-source parameters.  

Generally, the 300 nm thick layers investigated are significantly smoother with the conventional 

method and rougher with the ion assisted deposition method, which is indispensable for the 

hydrophilicity effect and an increase of photocatalytic activity. 

In general, this same observation of a smooth surface can be made using IBS technology, Process 

III (Figure 47b). It was observed that the amorphous TiO2 films have a very smooth surface. AFM 

images shown in Figure 48 are for Process V, which is the deposition method with a varying ion-

source current, reactive gas flow, and substrate temperature. It was seen from the TiO2 films that 

they had a rough surface with uniform grains and mainly spherical particles. The surface 
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morphology reveals the nanocrystalline TiO2 grains; creating a denser film with increasing 

temperature. An ion-assistance method with a high oxygen flow value conveys a significant 

change in the structure and at 2 A and 40 sccm the grains get larger but the basic structure 

remains unchanged. 

Rough surfaces comprised of distinguishable grains of the anatase phase are demonstrated by 

AFM patterns. 

An alteration in the grain size is needed to gain a larger surface area for a TiO2 thin film. The 

majority of photocatalytic materials have a grain or crystallite size under 100 nm, making them 

nanocrystalline. Defective lattice producing grain boundaries start to dominate the material when 

the crystallite size is below approximately 10 nm [262]. As this result in trap sites for the 

photogenerated charge carriers, which will then increase their probability of recombination, 

imperfections in the lattice structure are detrimental to the photocatalytic activity. This is the 

reason that an highly defective amorphous state is expected to show either no or very little 

photocatalytic activity [262, 263].  

In addition, surface area is always a key factor in heterogeneous catalysis process. It is known 

from AFM pictures that the crystallite size is smaller for the TiO2 films deposited with the Ion 

Beam Assisted Process, and so can be concluded that the surface area of the TiO2 films with Ion 

Beam Assisted Deposition is larger than those deposited without Ion Beam Assistance. 
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Figure 49. Two-dimensional Atomic Force Microscopy results of IAD samples at a scan size of 

1x1 µm. 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 µm
2
. 
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The AFM image above (Figure 49) depicts the surface with different grain sizes. Although the 

TiO2 grains sizes reach 2 A at 20 to 40 sccm at 250 °C, they have smaller proportions in either 

cold coated film or with 1.5 A. AFM study of the imaged region reveals that grain sizes differ 

from low oxygen assistance to high values, and it was also discerned that there was a lack of 

cracks and a non-compact morphology of the deposited TiO2 film. Below, the influences of 

thickness, temperature and discharge voltage the roughness of the films are discussed. 

Uncoated substrate: RMS: 1.47, AH: 5.23 Conv. cold, RMS: 64 nm  4.36, AH: 14.8 

 

Conv. cold, 300 nm, RMS: 6.14, AH: 40.52 

Figure 50. AFM study of reference samples: uncoated glass and titania film coated without IAD. 

Ironed surface: 1 µm
2
. RMS: roughness, AH: Average Height. 

AFM studies have shown that an increase in process thickness causes considerably greater 

roughness. AFM pictures exhibits that deposited thin films with 30 sccm have nanocrystalline 

structure. Density of grains packing was four times bigger in cases of thin films deposited by 2 A 

and high temperature of 250 °C (RMS: 10.54) as compared to thin films deposited at lower 

voltage (1.5 A), and seven times higher than compared to a cold process.  
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20 sccm, 1.5 A, cold; 300 nm, RMS: 1.47,  

AH: 4.87 
20 sccm, 2 A, 90 nm, RMS: 2.38, AH: 6.26 

 
 

30 sccm, 2 A, cold 300 nm, RMS: 1.35,  
AH: 11.12 

30 sccm, 1.5 A, cold, 300 nm, RMS: 3.24,  
AH: 8.67 

 
30 sccm, 1.5 A, 250 °C, 300 nm, RMS: 2.88,  

AH: 8.78 
30 sccm, 2 A, 250 °C, 300 nm, RMS: 10.54,  

AH: 41.18 

40 sccm, 1.5 A, cold, 300 nm RMS: 3.61,  
AH: 13.13 

40 sccm, 250 °C, 1.5 A, 300 nm RMS: 4.76,  
AH: 15.47 

  

40 sccm, 2 A, cold, 300 nm RMS: 1.43,  
AH: 13.96 

40 sccm, 2 A, 250 °C, 300 nm RMS: 6.61,  
AH: 22.49 

Figure 51. AFM study of IAD films for an ironed surface: 1 µm
2
. RMS: roughness, AH: Average Height.  
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When compared to thin films from IAD using 60 °C, 1.5 A and a thickness lower than 100 nm, 

a higher variation of the surface topography can be found for those TiO2 films obtained from an 

IAD process with 250 °C, a thickness of 300 nm, and 2 A. These results were determined based 

on RMS (Root Mean Square) parameter as shown in Figure 52. Process V generated higher RMS 

values for TiO2 thin films. The structure of Process V TiO2 films are considerably more 

homogenous than those prepared via other processes (such as with a low temperature). Local 

minimum and maximum height values on AFM images, which have also been sharply outlined on 

histograms (Figure 51), may theoretically cause errors in the RMS value. 

 

Figure 52 Influence of different coating parameters on TiO2 film roughness when deposited via 

Process V (with IAD) and the conventional method. 

As display in Figure 52, the RMS values’ development similarly follows the previous discussed of 

AFM results in Figures Figure 48 and in Figure 49. The RMS values increase considerably from 

1.43 to 7.5 nm when the temperature rises from 60 to 300 °C and the discharge voltage reaches 

2 A. The reason for the increase in roughness is the growth of grain size and, theoretically, 

a process leading to rougher surfaces is more favorable for the adsorption of organic pollutants. 

A study of section analysis was performed on the AFM images, as shown in Figure Appendix V. 

The employment of all AFM investigations was carried out to perceive the surface and texture 

properties of the synthesized titania films. 

This was so as to completely understand the surface morphologies reliance on the optimized 

parameters. Titania sample films are comprised of interconnected spherical nanoparticles. 

Whereas uniform and dense spherical grain-like structures at the same altitude compose the 

surface of the conventional and IBS processes, the IAD Processes films show rough structures of 

nanoparticle agglomerates. Through calculation of the related AFM images, the average grain 

sizes of TiO2 particles (see Figure 46) are divided in two categories. The first category is ‘low’: 
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approximately 27 nm for conventional, 16 nm for APSpro, 16 nm for IBS. Category two is ‘high’: 

approximately 42 nm for IAD with CC-104 and 51 nm for IAD with CC-105, making them in 

agreement with the photocatalytic results previously gained in Chapter 5. To ascertain the 

photocatalytic activity other vital parameters in addition to grain size include the maximum height 

(Rmax), the average roughness value (Ra) and the root mean (RMS) of surface features (Figure 52 

and Figure Appendix V). IAD Processes IV and V provided a comparatively higher RMS, 

especially for high temperatures, and lower values were observed for conventional and IBS 

processes.  

The IAD Processes have a rougher surface and a higher particle size, making it favorable for the 

adsorption of organic pollutants. It can be suggested from these results that the films exhibiting 

various photocatalytical and morphological aspects can be synthesized at different designed 

experiment conditions. 

6.3.4 Influence of the Process Parameters on Hydrophilicity 

Determining the hydrophilic effect is essential for photoactivity. Thus, contact angle 

measurements were carried out to determine the hydrophilicity of the samples and correlated to 

the results of the MB demineralization. 

Table 7. Comparisons of the contact angular measurement 

 

Sample #  O2 / sccm current / A Temperature / °C  (±10 °C) 

S5 
20  

1.5  60  

S11 2  250  

S4 

30  

1.5  
60  

S10 250  

S3 
2  

60  

S9 250  

S2 

40  

1.5  
60  

S8 250  

S1 
2  

60  

S7 250  

S6 without 
reactive gas 

without 
current 

60  

 

The samples from Table 7 were coated with 300 nm TiO2 using IAD process V, and rod-shaped 

particles were found on samples S8 and S9. The particles in samples S6 and S7 have only 

a spherical geometry, similar to those found on S8 and S9. The influence of ion assistance in the 

coating process is shown upon microscopic investigation, in which S6 and S7, prepared with an 

ion assistance of 2 A, shows a greater quantity of spherical geometry than S8 and S9, which were 
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both prepared with 1 A. The demineralization results of methylene blue establish that spherical 

structures are highly effective in regards to the photobleaching of methylene blue, which allows 

for the creation of a more concentrated cluster of methylene blue molecules. 

In regards to adhesive strength, although the particle size was seen to have grown upon annealing 

at 400 °C, the deposited films were highly stable. Increasing the annealing temperature above 

400 °C adversely affected the morphology of the films, to the point of forming cracks when 

annealed over 500 °C for 12 hours. Table 7 provides an overview of the influence of process 

parameters, such as unloading current, O2 flow, and temperature (cold: 60 °C; hot: 250 °C). 

A better result can be obtained with higher process temperatures, and the addition of oxygen plays 

such a major role in photocatalytic coating that attempts with oxygen addition were not continued 

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

A comparison of layers shows that better hydrophilicity can be achieved with an O2 level at 

30 sccm, rather than at 40 sccm. The contact angles also change with the level of current as they 

increase as the current is reduced, and vice versa. Some of the samples also showed an increase in 

contact angle under UV exposure. The samples S6, S7, S8, and S9 showed an improved 

hydrophilic effect when compared to samples S7 and S9, which were produced with UV exposure 

and showed a large contact angle. The manufactured samples were coated with TiO2 and divided 

in 3 test rows: addition of O2 in 20, 30 or 40 sccm; temperature in cold and 250 °C; discharge 

current in 1.5 or 2 A (Table 7). Figure 53 shows that the samples have amphiphilic surfaces. The 

sample surfaces on which the contact angle is smaller after UV-irradiation than it was before are 

to be called hydrophilic or super-hydrophilic. In Table 7, the samples are sorted according to O2, 

ion-source current and temperature. 

With the comparison of the temperature dependence, it becomes clear that the layers produced 

under higher temperatures are more suitable than the ones produced with cold process. O2 plays 

a significant role in coating. With a decrease in the flow of oxygen, the contact angle also 

changes. The contact angle drops with rising intensity. Some 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 the wettability of a flat surface. For a non-flat surface, 

it is the surface roughness that affects the wettability [12, 79]. Wenzel expanded Young’s equation 

by including the surface roughness to obtain the following equation [264]. 

cos Z´ [ 4	 ·	cos Z 
Equation 21 

where θ´ is the apparent contact angle and r is the surface roughness ratio between the actual 

surface area and the apparent surface area. This equation indicates that, as the r value is always 

greater than 1, the surface roughness improves hydrophilicity for surfaces under 90° and also the 

hydrophobicity of surfaces greater than 90°. Resulting from the contact angle of a flat TiO2 

surface always being less than 90°, the hydrophobic TiO2 surface cannot be attained through 

consideration of only the Wenzel equation. 

Superhydrophilic properties were also displayed by the films when under UV light for 67 hours, 

and they turned hydrophobic after being stored in the dark for 116 hours (Figure 53, right). The 

CA of the samples reached approximately 50° when kept in the dark for 5 days, suggesting that 

alternating between UV irradiation and dark storage can control the surface wettability.  

6.3.5 Industrial application 

Glass, plastics, ceramics and metal samples of different sizes were obtained from the commercial 

entities Sartorius AG, Duscholux and Villeroy & Boch and deposited with titania thin films and 

then analyzed for their self-cleaning characteristics. A comparative analysis of these samples is 

given in Table 8, which also shows the results obtained from the deposited standard Suprasil and 

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

 

 
Substrate Processes and  

Coating Materials 
Parameters 

Angle [°] 
without UV 

Angle 
[°] 

with 
UV 

 Comparison between PVD- Coating Processes, 250 °C, ~300 nm 

Quartz glass Suprasil heated with IAD, Pr V < 23 < 5 

AF 37 alkali free heated without IAD, Pr V < 20 < 5 

Borosilicate 
glass 

D263 Menzel heated without IAD, Pr V 74 < 5 

D263 Menzel heated with APS, Pr III 39 16 

 IAD application on different substrates using Process V , ~300 nm 

 Sartorius AG 

BK 7 glass bubble and inclusion free With ITO 82 50.4 

Multi-layer 
glass 

front windows Without ITO 79.6 57 

 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 TiO2 surface both before and after UV irradiation for the 

industrial application of this research. For both a multilayer glass with an ITO layer and BK 7 

glass (Sartorius AG), TiO2 films coated with IAD display an initial CA of several tens of degrees, 

which varies depending on the surface conditions, with surface roughness being the chief 

property. Ion e-beam evaporation sources after UV irradiation produce higher deposition rates 

than conventional sources, which lends itself to large-area hydrophilicity industrial application. 

Water also begins to show a decreasing CA after this irridation, with the CA finally reaching near 

0 (<5) as shown in Table 8 and Figure 54. At this stage, the surface becomes fully non-water-

repellant and retains a CA of a few degrees for a day or two when under the ambient condition 

and no exposure to UV light. 

When coated, the surface energy of these layers is greater than that of the industrial surface 

covered with the initial OH groups. As a water droplet is significantly larger than the hydrophilic 

areas, it instantly and completely spreads on such a surface and thus resembles a two-dimensional 

capillary phenomenon. 
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In some cases, another polymer film (from Duscholux) can be used as a seed layer, which then 

provides the hydrophobic surface that is generally preferred by these films. In this case, the CA 

again reaches near 0, which is the same as for aluminum and ceramic. In contrast to this, uncoated 

PMMA exhibits no hydrophilicity. With this basic appreciation of these substrates coated via ion 

assisted deposition with a varied  discharge current, surface temperature and oxygen flow, the 

produced samples are suitability for production of easy to clean applications with the intention to 

coat a large selection of surface material. 

    
Sartorius multi-layer glass 79.6°,  

after UV: 72° 
Villory Bosh painted ceramic 66.9°,  

after UV: 38.7° 

 

  

 

Dusholux PMMA as primary material 27.7°, after UV: <5° 

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

6.4 Durability Tests: Mechanical and Environmental Stability of TiO 2 

Layers  

The mechanical stability experiments were conducted with the coatings, with their resistance 

under environmental influences being analyzed. It is important to note that there were more than 

200 coatings, classified into the 5 previously-defined coating processes, I to V. A minimum of 10 

samples, were produced in each coating batch. One sample was used for optical monitoring, and 

the rest for different optical, morphological, multi-functional and structural characterization, all 

within the MIL (MIL-C-48497) and DIN Standards (DIN 52348, DIN ISO 9211-4) (more can be 

found in Figure Appendix VI). The durability condition is vitally important for the thin films as it 

has an impact on characteristics of the films’ growth.  

6.4.1 Layer Adhesion Test 

In the tests done following the MIL-C-48497A model, the coated samples were subjected to an 

adhesion test using wide cellophane tape. This tape was pressed, with 1 kg pressure, firmly 
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against the coated surface and then quickly removed at an angle normal to the coated surface. The 

results in Figure 55 show that the layers maintained their original form and exhibited no damage 

to the surface, with below (left) displaying the surface before testing, and below (right after 

testing. The Process V IAD sample is used here as a representative example.  

 
before test after test 

Figure 55. Durability test SEM results of a TiO2 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 cm) wide and ¼ inches (0.61 cm) wide cheesecloth 

was placed over the coated side of the sample and then rubbed back and forth using the machine 

shown Figure Appendix VI. Though this process was repeated 50 times with a contact pressure of 

1 pound (0.45 kg), the results (Figure 56) showed no indication of abrasion on the layers.  

 
Before test Moderate test Cheesecloth (MIL-

CCC-C-440) 
Severe test Abrasion Tool with 

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 requirements for thin films. The surface of test sample 

showed no evidence of coating removal or scratches. Generally, 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 were rubbed with a standard eraser 20 times with 

a pressure of 2 pound (0.9 kg). The results of this, shown in Figure 57, demonstrate that the 

samples were unchanged and no scratches were formed. Figure 57, (left) shows the surface before 

abrasion resistance testing, and Figure 57 (right) shows 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 ISO 9211-4. The coated sample was first cleaned and 

the transmission was measured as-deposited. The sample was rotated and a controlled 10 g of 

sand (grain size: 0.2 mm) was funneled from a distance of 60 cm though a cylinder (diameter: 

8 mm). 

To ensure the environmental stability of the layers, the method was precisely reproduced five 

times. After every step, the transmission curve was measured to determine the damage caused by 

these small particles and any resulting surface defects. 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 coating processes to generate points of comparison. 

The difference in transmission is approximately 7%, showing a decrease in the stability that 

normally characterizes this sand erosion test. This difference can be reduced through the future 

use of cleaning techniques, which can allow for complete removal of sand traces. A higher change 

is observed for the process without IAD, of which the first 10 g show a significant loss of 
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transmission. The transmission loss via this test over the three coating processes is beneficial in 

determining the most efficient way to clean coated samples before characterization methods and 

other industrial applications. 

6.4.4 Solubility Test 

For the solubility tests, in each case the optics were first placed into a container housing acetone 

for 15 minutes, and then another 15 minutes in a container carrying isopropanol. In both cases the 

optics were completely submerged into these solutions and dried after removal. The results of this 

showed that no e-beam layers detached from the glass surface. Also dependent on layer and the 

substrate surface are environmental properties such as solubility, abrasion or adhesion, in such a 

way that their resistance and performance may be used to determine the limits and possibilities of 

TiO2 thin film operation under real conditions (Figure Appendix VII). 

The thin film properties when coated via Ion Beam Sputtering include greater adhesion and 

denser film structure, both credited to the higher energy of the sputtered particles. The intent in 

both instances is to impart the thin film adatoms on the substrate with increased energy, and thus 

increased mobility prior to nucleation. An improved durability was observed for films produced 

with IBS and IAD when compared to other deposition method, such as sol-gel. The ion 

bombardment is generally beneficial for film adhesion and nucleation. The processes fulfill the 

high demands of present optical technologies, with some of the major aspects covered being a 

compact microstructure, an enhanced optical quality, a higher mechanical resistance and an 

adjustable film stress. 

6.4.5 Experiments with Polymers 

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

either an adhesion promoter or SiO2 layer is used prior to the polymer coating. 

Because of its importance in countless daily-use and sophisticated products, the use of thin films 

on polymers is very much worth considering. To investigate the possible use of thin films on 

polymer, experiments were carried out using Poly (methyl methacrylate) (PMMA). The three 

main demands for this industrial product were: 

• Preparation of a homogenous highly active photocatalytic coating. 

• The color impression should not be or only slightly changed by the coating. 

• Highly mechanical and chemical resistance of the coating as the product has normally 

a long lifetime and is exposed to chemical and mechanical destructive pollutants. 
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To guarantee good mechanical stability of the photocatalytic surface there is first a need for 

a more suitable adhesive layer. Both the moderate test and the solubility test show high 

mechanical resistance. The sever abrasion test, however, exhibits surface scratches (Figure 59). 

The influence of SiO2 as a basic layer directly on PMMA should inhibit the presence of these 

deformities. The plasma pretreatment can achieve a better adhesive strength via the possibility of 

obtaining increased wettability due to the sufficient surface energy, and via the presence of more 

free-radicals for strong bonds with the polymer surface. 

   
Solubility test Moderate test Cheesecloth (MIL-

CCC-C-440) 
Severe test Abrasion Tool with 

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 SiO2. 

A deposition process has been made with thin layers of SiO2 between 15 and 50 nm. Yet other 

correlational experiments have shown that it is possible to synthesize TiO2 on a polymer substrate, 

using sol-gel method, with surface composition and chemistry, crystal phase and size, UV 

transmission and morphology similar to those of commercially available CVD glass 

substrates [251].  

Previously defined IAD methods produce laboratory glass films in certain cases even better, 

photocatalytic performance than commercially available films. For as-received/unreacted films, 

photocatalytic efficiency depends on surface roughness, i.e. high level of crystal size and 

roughness causes higher photocatalytic efficiency. Stearic acid reaction in model solutions such as 

neutral, acidic and basic, alter the surface compositions i.e. Si/Ti, Ca/Ti, and roughness and also 

enhance photocatalytic efficiency of films after reaction. Photocatalytic efficiency does not 

decrease with Si-rich surface layer on films [3]. 

Other research proves that the photocatalytic and super-hydrophilic efficiency of TiO2/SiO2 films 

depend on the content of SiO2. Research shows that optimum level of photocatalytic activity can 

be achieved by adding 10 to 20 mol % of SiO2 on a thin film, and for hydrophilicity adding 

approximately 30 to  40 mol % of SiO2 can give optimum results greatly depending on the particle 

geometry. An increase in the SiO2 level, up to 30 to 40 mol %, can decrease the quantity of 
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absorbed organic substances. There exists a correlation between photocatalytic efficiency and 

hydrophilicity, as both augment each other and together they produce the self-cleaning effect. 

SiO2 increases the acidity level on substrates [104]. 

Suitable IAD methods were applied to different plastics, with a focus on PMMA substrate. 

Example morphological and optical results are found in the following Figure 60. 

  

15 nm SiO2 layer + 200 nm TiO2 50 nm SiO2 layer + 200 nm TiO2 

 

 

 

Cross-section picture of (SiO2 [50 nm]  
/TiO2 [300 nm]) 

TiO2 Transmittance spectra, coatinng with IAD, 
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 the titania added with 50 nm is larger than with a 

15 nm SiO2 layer. This could be due to a more compact arrangement of particle adsorption. 

Covalent bonds are formed during the e-beam deposition of oxide film onto a polymer substrate, 

and this formation can be influenced by a complex interplay between coating growth, interface 

structure, defects and an internal stress state. There is a correlation between the grain size and the 

coating thickness chosen for the titanium and silica in situ-deposition process. In both of these 
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cases, the deposition process was carried out at a cold temperature, 50 °C to 60 °C, with an ion-

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

In terms of adhesive strength, the stability of the films was outstanding on the surface of PMMA, 

which is not an easy surface to work with when compared to mineral silica. The mechanical 

stability tests were performed on the films by immersing them in a solution of water and diluted 

acetone. This also showed positive results, as no scratches and abrasions were noticed on the 

surfaces. The important role that hydrophilicity plays in maintaining the self-cleaning effect of the 

surface was investigated. The contact angle after UV-irradiation decreased from 79° to 12° 

(Figure 61). Not displayed in this figure is that the contact angle of multilayer PMMA and SiO2 

does not change before and after UV exposure. The predisposition of an exterior surface to soiling 

is closely related to its contact angle with water, so a material used on the outside is actually more 

likely to be soiled if it is more water-repellent. Because of this, plastic is more likely to be soiled 

than sheet glass or tiles. 

 

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 TiO2/SiO2 films irradiated under 1 mW/cm
2
.  

One major reason that the aspect of the IAD method’s potential has not yet been utilized is that it 

is challenging to realize suspension and dispersion of the multilayer supported catalysts. The 

acidity of the composite oxide is enhanced with an SiO2 additive to the TiO2 film, and thus water 

molecules that would normally result in hydroxyl groups are adsorbed. It is possible that this 

enhancement could be why a purely TiO2 film adsorbs more organic substances when subjected to 

air. Acidity growth is hypothesized to be the main cause for the enhancement in photocatalytic 

performance and hydrophilicity of these layers. This improvement is significant due to the vital 

nature of good hydrophilicity self-cleaning technologies. It has been suggested in 1974 by Tanabe 

et al. [265] that a greater absorption of hydroxyl radicals can be gained through increased surface 

acidity. The silicon cations (such as Ti–O–Si ligand) capture and bind the hydroxyl radicals from 
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surface-adsorbed H2O molecules. In contrast to this, H+ ions from the adsorbed H2O molecules 

easily bind to O2
+ ions, leading to a greater concentration of hydroxyl radicals on the composite 

surface, as opposed to a pure TiO2 coating. 

The increased hydrophilicity and photocatalytic performance of the TiO2/SiO2 film, as a result of 

the above, are hypothesized to be a consequence of the increased surface hydroxyl groups. The 

water contact angle measurement can be easily applied to SiO2 supports. It was revealed from 

previous results that these supports offer a base with a high mechanical stability. Although no 

physical degradation of the polymer support was perceived, there is still the option to further 

lessen degradation chance by UV irradiation through the choosing of high UV-resistant 

thermoplastic substances, such as acrylic or polyallomers. It is essential, due to the transfer of 

heterogeneous photocatalytic oxidation processes in their attempt to find industrial applications, 

that economically viable solutions to the expensive post-treatment separation are found. In 

today’s world, the utility of plastics for industrial and non-industrial use is remarkable, which can 

pave the way for its use in innumerable products. As evidence of that, Figure 62 shows that TiO2 

layers can be applied to plastic surfaces without drastically affecting the overall optical quality. 

While the real challenge in using this technology on plastics is maintaining a sufficient adhesive 

strength of the layers, the experiments conducted strongly suggest that this could be theoretically 

met with success. 

 

Figure 62. PC & PMMA with TiO2 optical characteristics for photocatalytic transparent TiO2 layers 

PMMA:  Red: uncoated; Green: with ~300 nm TiO2. PC: Black: uncoated; Blue: with ~200 nm TiO2. 

The transmission values of PMMA and PC plastics, with and without TiO2 coating, are shown in 

the graph of Figure 62. Owing to the high transmission, between 70 to 85%, of the successful 

coating plastics, the methods developed during this research 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 the correlations between the optical quality, the 

morphology and the photocatalytic performance of titania thin films produced using ion assisted 

deposition (IAD). To investigate this, transparent TiO2 thin films were deposited with different 

IAD coating parameters to analyze their structural and optical properties. The influence of the 

deposition parameters on the morphological properties of the titania films was determined through 

SEM and EDX analysis. The process parameters chosen for this research were (1) coating and 

annealing temperatures, (2) ion-source parameters, such as oxygen flow, and (3) TiO2 thin films 

of different thicknesses. 

7.1 Deposition and Annealing Temperature Influence 

Experiments carried out using different coating parameters have been previously discussed in 

Chapter 5, explaining the following points. 

a) The films coated using BAK 640 and Denton CC-105 displayed a photodecomposition 

rate of methylene blue was greater than uncoated substrates and greater than 

commercially available products having self-cleaning ability. 

 

b) Comparisons showed that Balzers BAK 760 with Denton CC-105 achieved the fastest 

demineralization of methylene blue at high temperature and resulted in a near colorless 

solution. This contrasts to other processes that had a 50% decrease in the concentration, 

from 10 µmol/l to 5 µmol/l. 

 

c) The thin films’ thickness resulted in a related increase in photocatalytic efficiency, up to a 

limit. Up to a thickness of 150 nm, the influence was negligible. However, between 

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

 

7.1.1 Optical Properties of TiO2 Thin Films 

Optical properties of the deposited thin films, such as the refractive index n and the optical band 

gap, can be influenced by the coating temperature, the temperature during annealing, various 

deposition parameters of the ion-source and the deposition rate. Results were gathered as-

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

 

Vacuum chamber Source Process 

U I O2 Neutralizer U I O2 Rate Thickness 

HV[kV] E[A] [mbar] U[V] I[A] [V] [A] [sccm] [nm/s] [nm] 

8 0.35 3.10-4 10 27 250 3 25 0.15 150 

(a) As-deposited 

The transparency of the films exhibits a sharp decrease in the UV region as shown in the 

transmittance spectra (Figure 63). The character of the transmittance spectra shows a series of 

transmittance maxima and minima of different orders. As the film characteristic changes, location 

of a particular transmittance extrema (Tmin or Tmax) shifts towards longer wavelength side. The 

films also show a sharp decrease of transmittance in the ultra-violet region which is a result of the 

fundamental absorption of the light [266, 267]. This interference is due to the thin film characteristics, 

such as the thickness or the effective refractive index of the film medium.  

 

Figure 63. Transmission spectra for 50 °C, 150 °C and 350 °C in IAD (3 A, 25 sccm O2 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 be compared in cases where the curves have no 

absorption in relation to the uncoated curve. If there is inhomogeneity, there is more than one 

layer and a refractive index of more than one. A comparison of the refractive index of the shifted 

curves can only be correct if both curves have no light absorption. If there is an exact overlap with 

the uncoated substrate curve, this is due to the influence of n.  

Due to multi-reflections at the film-air and film-substrate interfaces, the UV-Vis spectra displayed 

noticeable interference effects. Once a high refractive index transparent thin film achieved on 

a transparent substrate of a lower refractive index, the transmission maxima are obtained when the 
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film optical thickness corresponds to even multiples of the quarter-wavelength. Once these 

transmission minima are gathered, the reflection deficits caused by the refractive index 

divergences between substrate and titania layer are maximal [179]. 

From this graph it can be seen that the titania coated thin films are transparent within the visible 

and the IR range. The minima and maxima transmission spectra for the samples coated at 

different temperatures indicate that the temperature and thickness of the deposition has an 

influence on the optical quality of thin films. Generally, the transmission was increased faintly 

with a rise of temperature. 

For wavelength above 400 nm, the transmittance of the films was almost constant. The decrease 

below 400 nm is caused by the quartz substrate and by titania absorption [268]. The above figure 

shows that homogeneity becomes adversely affected at approximately 750 nm if the coating 

temperature is raised to 350 °C. Figure 63 also indicates the complex interdependence between 

various deposition parameters and the coating quality, as at 650 nm the optimized optical quality 

is achievable if the coating temperature is maintained at 150 °C. Using this same temperature for 

550 nm, optimized results for the refractive index can be gained at 2.63. At cold, 50 °C, and hot, 

350 °C, temperatures, the refractive index goes down to 2.51 and 2.55, respectively. 

The envelope method and experimental expression [269] were used to analyze the TiO2 films’ 

refractive indices. As can be discussed, it is possible to draw the envelopes through the maxima, 

TM, and minima, Tm, of the transmittance curve. The film refractive index nf in the transparent and 

weak absorption (high temperature) area was calculated from Equation 22: 

1� [ �| � �|� 8 	1f�	 Equation 22 

where 

N [ 21f 6  8 6�6 6� �	1f� � 12  Equation 23 

ns stands for the refractive index of substrate. 

In these equations, maxima and minima of the envelope in transmittance spectra are respectively 

represented by TM and Tm, refractive index of the glass as ns, computed with the help of the 

transmittance Ts of glass by Equation [35]. The experiments showed a 90% transmittance of the 

glass in the visible range.  
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1f [	 16f	 p 16f� 8 1qF/�
 Equation 24 

Figure 64 illustrates the evolution of refractive indices as a function of wavelength for TiO2 film 

annealed, obtained with the methods mentioned above. 

 

Figure 64. Refractive index of TiO2 film at 350 °C. At 550 nm, the value is 2.548. 

The transmittance ‘extrema’ of the curve for the ion assisted coating contain greater differences 

than the conventional e-beam evaporated coating curve. A greater ion assisted coating refractive 

index value n is signified as a result of these larger differences. Good coating condition for coated 

film was obtained for the ion-operated bombardment, as signposted by the lack of quantifiable 

absorption at wavelengths for which the film is multiple half-wave in optical thickness, down to 

approximately 350 nm. An absence of refractive index inhomogeneity was inferred. 

(b) After Annealing 

The annealing process and its parameters can affect the optical properties of the films. Figure 65 

shows the transmission spectra for the process of deposition at 150 °C, and annealing at 450 °C, 

both after 4 hours. The use of 450 °C as the annealing point is not only for the layer growth of 

titania according to the microstructure variation, but also appropriate in the characterization of 

titania films as useful in photocatalytical electrodes and other applications [179]. 

The annealing process increases the transmission curve to near that of the uncoated curve, 

meaning that it can be used for optical correction. The resultant dense or compact layers also 

show that there was low light shift on the maxima points. Using 25 sccm, a reactive O atom is 

added on the crystal lattice with an atomic arrangement correction [163]. 
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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 increase up to 3% between 400 and 470 nm. The 

transmission maxima observed between a spectral range of 470 appears to be only 2% below the 

transmission level measured for the uncoated side of the glass. This feature shows that optical 

losses in the visible range are small. It was observed during the experiments that the annealing 

parameters above have little-to-no effect on the optical properties of the coatings. Thus, it can be 

concluded that the films deposited using the IAD process have the stability to resist a high 

annealing temperature. Moreover, the annealed films did not show any considerable damage to 

the layer. 

From Figure 65 it can be calculated that the average transmittance of as-deposited and annealed 

TiO2 film, in regard to the reference of blank glass substrate, is greater than 80 % in the visible 

region [270]. It was also shown that the slight decrease in transmittance was a result of the 

annealing temperature of 450 °C, which can be accredited to the light scattering effect for its 

higher surface roughness. The as-deposited TiO2 films in the visible spectral region were 

discovered to have an average transmittance of above 70 % for films on glass and quartz 

substrate [189, 271]. The annealing of TiO2 films at a higher temperature, of above 600 °C, typically 

results in a lower transmittance, hence the reason that the maximum annealing temperature used 

throughout this study was generally 500 °C. 

Generally, and according to the microstructure, an increase in the substrate temperature during the 

annealing phase leads to an increase in the refractive index. This can itself lead to the presence of 

the rutile phase [189, 208, 263]. 

400 600 800 1000 1200

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength / nmWavelength / nm

T
ra

ns
m

itt
an

ce
 



124 

(c) Band Gap Calculation with Tauc Preliminary Method 

The optical transmittance spectra of both the as-deposited films and the annealed films exhibited 

good transmission in the visible light range and a sharp decrease in the UV region, which 

corresponds to the band gap. The optical absorption coefficient α was calculated using the 

formula: 

α [ ln p 6�1 8 ���q
2  

Equation 25 

where T is the transmittance of film at each wavelength, and d is the thickness of the film. The 

absorption rate reaches its minimum point at low energy and increases with optical energy in a 

similar manner to the titanium dioxide absorption edge. The transmission films shown that the 

absorption coefficient α decreases rapidly when wavelength is lower than 350 nm, which 

corresponds to the Eg values below 3.5 eV. The band gap Eg was calculated using the Tauc 

equation [272]. 

¢ [ 	 m£�� 8 ¤¥¦�
��  Equation 26 

where k is a constant, hν is the photon energy (eV), and the value of n can be ½ or 2 depending on 

whether it is a direct or indirect transition [38, 273]. The optical band gap was estimated by 

extrapolating the straight line portion of the (α hν)½ vs hν plot. Therefore, it is expected that for 

values of hυ ≤ 3.5 eV, hυ is near to 0, but not equal to 0 due to optical interference. The 

absorption coefficient α for directly allowed transition, n = 2, can be ascribed to a function of 

incident photon energy, and the optical band gap was calculated for different deposition process 

parameters. The band gaps of the IAD deposited films, coated at 60, 150, and 350 °C, are 

displayed in Figure 66. 

(A) Band gap for the film deposited at 50 to 60 °C (as-deposited).  

(B) Band gap for the film deposited at 150 °C (as-deposited). 

(C) Band gap for the film deposited at 350 °C (as-deposited). 
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Figure 66. Band gap of different TiO2 films deposited using IAD at different temperatures. 

The dependence of (α hν)½ against photon energy over the threshold of fundamental absorption is 

a constant. TiO2 has different band gap transitions: for rutile and anatase the exact position of the 

transition are slightly different, but there are two indirect transitions at approximately 3.0 and 

3.2 eV, while there is a direct transition at 3.7 eV. It should be noted that all the samples had the 

same thicknesses (300 nm). As seen above, the band gap was 3.24, 3.25 and 3.33 eV for films 

deposited at 50, 150, and 350 °C, respectively, showing that the band gap increases with an 

increase in the temperature and can be associated to the band gap of bulk anatase TiO2 (3.2 eV). 

To compare these results to those of the literature, the anatase band gaps vary by as much as 

0.05 eV, from 3.48 eV for glass to 3.43 eV for ITO as a substrate. This small difference can be 

related to the measurement precision. There is also a difference in the band edge energy of 

anatase from the bulk material with results varying from the literature by up to 0.2 eV [274-276]. 

Vasanthkumar et al. [277] suggested that the change in the optical band gap of the TiO2 films with 

annealing temperature might be the result of the change in film density and increase in grain size. 

The observed values for IAD sample at 350 °C is higher than the band gap of both bulk material 

(3.18 eV) and thin film TiO2 in the anatase phase (3.23 eV). The higher band gap observed can be 

associated with the crystalline nature of the films. An inverse square relation between Eg and 

grain size can be expected [277]. 

∆¤g [ ¤g 8 	¤g��§¨©� [ ¤� ª«	0¬	� ­�
 Equation 27 

where Eg, Eg
(bulk) are the measured band gap energy and the excitation binding energy, 

respectively. aB is the Bohr radius and R is grain radius. 

When a wavelength of 550 nm was used, the refractive index of the film deposited at 350 °C 

corresponds to 2.41. From Mathews et al. [273] it can be concluded that the refractive index is 

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

work of Mathews et al. There is a very good correlation with the proportionality factor (Fig. 67). 

 

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 was evaluated by measuring the contact angle (CA) 

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

 

Figure 68. Results of films coated at different temperatures. Black: CAM Initial. Red: After 67 under 

UV, 1 mW/cm
2
. 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. First under the initial conditions and then after 67 hours. 

The results obtained from the films are given in Figure 68. Depending on the surface conditions, 

primarily surface roughness, a TiO2 thin film exhibits an initial contact angle of greater than 20 

degrees. When this surface is under to UV light, water starts to exhibit a decreasing CA, i.e. it 

tends to disperse flatly instead of beading up. The superhydrophilic surface becomes wholly non-

water-repellant after UV-Illumination for thin films coated at higher than 200 °C. This behavior 

was expected due to the energy introduced by UV light, which was able to break the surface Ti-O-

Ti under atmospheric moisture and create an enhanced formation of surface Ti-OH groups 

responsible for the better wetting. The above-mentioned experiments and analysis lead to the 

conclusion that the linear trend in the decline of the contact angle also shows that it is inversely 

proportionate to the deposition temperature. In addition to these two factors, high process 

temperature results in a rough morphology of the surface, which in-turn increases the self-

cleaning property. A morphological study via SEM investigation was carried out in an attempt to 

gain further clarification. 

b. SEM Microstructure and Size Particle Determination 

To complement the morphological study in 7.1.2, the microstructure was also investigated using 

SEM. The SEM images of the films coated at a cold temperature, 50 °C to 60 °C, and at 350 °C 

are shown as-deposited and after annealing in the Figure 69. Additionally, an average particle size 

was calculated from the different values obtained in each image. 

  
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 TiO2 films, both as-deposited and after annealing. 
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T=350 °C (as deposited) T=350 °C (annealed) 

Av. Particle Size: 26.50 nm Av. Particle Size: 40.79 nm 

Figure 69 (b). Examples of SEM micrographs of TiO2 films, both as-deposited and after annealing. 

As shown in Figure 69 (a,b), annealing at 350 °C for 20 hours increases the particle size. The 

surface was found to have homogeneity for all the particles, except in cases of films produced 

after annealing, in which very small cracks appeared randomly on the surface. This cracking was 

due to the stress of irregular thermal expansion, interfacial roughening, and voids formed during 

high-temperature annealing. After a series of experiments regarding TiO2 layer stability post-

annealing, for example those published by Lappschies in LZH [278], higher annealing, layer 

cracking (identical to those in Figure 69b, right) and morphological deformations were observed 

for the samples annealed over a long period (for more than 10 hours) and / or if the annealing 

temperature is greater than 450 °C. To add to the research, annealing time was set to a short 

duration, for example 4 hours, and the temperature kept at 450 °C. 

 

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 average particle size was obtained from each sample 

with or without annealing and at cold and hot temperatures. It is apparent from both the SEM and 

the particle size obtained from these pictures that grain size increases with the coating temperature 

and the annealing temperature. There are undefined particles on the surface of the films deposited 

at cold temperature. The biggest particle size was observed on the films coated at 350 °C after 

annealing. The thin films appear to be formed of larger aggregates of granulates, rather than being 

morphologically smooth.  

Optical analysis shows that the transmittance feature of the films increases with the increase in 

deposition temperature. This increase is due to enhanced structural homogeneity and the decrease 

of crystal defects [42]. In the case of ion assisted deposition, the films prepared were shown to have 

a very high refractive index (a value of 2.75 at 550 nm was calculated for a sample coated via 

IAD with Process V, at 350 °C, 4 A and 30 sccm). When compared with common PVD, the atoms 

deposited on the substrate can get more energy from ion bombardment in the ion assisted 

deposition, which consequently benefits in the formation of more compact structures, uniform 

layers, and a higher refractive index. The optical band gap increases with the increase in the 

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

The higher particle size caused by the annealing temperature can be explained as follows: if the 

temperature is increased, the agglomeration of the particles also increases, therefore roughness 

increases. Higher surface roughness leads to a higher rate constant, thus the free surface area for 

adsorption of molecules is higher. On a rough surface, the drops of water expand between the 

particles and thus facilitate formation of a hydrophilic surface. Films deposited on a cold substrate 

show a smoother surface and can therefore have more hydrophobic properties than the films 

deposited on a hot substrate. 

7.2 Oxygen Flow Influence 

The experimental set-up used to carry out varying oxygen flow levels has been discussed in detail 

in Chapter 3, detailing that the oxygen flow in the experiments was varied between 21 and 

30 sccm. The results of the experiments done to study the effect of the reactive oxygen flow on 

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

Table 10. Fixed deposition coating parameters 

 

Vacuum chamber Source Process 

U I O2 Heater Neutralizer U I Rate Thickness 

HV[kV] E[A] [mbar] [°C] U[V] I[A] [V] [A] [nm/s] [nm] 

8 0.35 3.10-4 350/NO 10 27 250 3 0.15 150 



130 

7.2.1 Optical Properties of the TiO2 Thin Films 

(a) As-Deposited 

The influence on transmission properties of the films deposited at 350 °C with different flows of 

oxygen is shown in the Figure 71. 

 
 

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, O2 flow was increased. Coating 

parameters used were 2.5 A, U = 200 V.  

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

transparency within the visible and IR range.  

The transmission spectra obtained for the three samples was almost identical, which indicates that 

the oxygen flow has either little-to-no impact on the optical quality of the films. Due to the 

changeable rate of the deposition process and other factors, films deposited at 350 °C with an 

oxygen flow of 25 sccm adversely affect homogeneity; the refractive indices obtained for the 

films deposited at 350 °C with 21, 25 and 30 sccm oxygen flow were 2.64, 2.57 and 2.51 

respectively. 

Figure 71 (left) shows a gradual and linear decrease in the refractive index with an increase in the 

oxygen flow, and in cases of films coated using the cold process, it was observed that there was 

no change in optical quality when different oxygen flows were used. The transmission spectra of 

the deposition done at cold temperature with varying oxygen 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 an oxygen flow between 25 and 30 sccm at 50 °C 

remained constant, as opposed to the refractive indices obtained at 350 °C. Generally, high 

refractive indices of oxide layers can be obtained by applying high kinetic energy using an 

increased oxygen flow through the IAD process with CC-105 [213]. When estimating the surface 

area of the films coated on a hot substrate, this resulted in a decrease of the surface area due to the 

smoother surface of the nodules, which should be more than compensated for by increasing the 

initial surface area. This issue is referred to again in Chapter 6 when discussing the density of the 

thin films as estimated from the refractive index.  

(b) After Annealing 

The films deposited using different oxygen flows were then subjected to annealing at 450 °C for 

4 hours. As per the results shown in Figure 73, the films prepared using different oxygen flows 

did not show very different results in terms of transmission spectra. Differences in the spectra of 

the annealed films were only noticeable at the minima, between 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 as-deposited TiO2 films is high and an obvious 

absorption edge is observed at around 370 nm. Also in the visible region, the average 

transmittance of a TiO2 film under different process parameters generally higher than 70% [270]. 

The absorption edge for the resulting films slightly shifts toward longer wavelengths. The 

influence of the reactive oxygen on the transmission is the cause of this shift to lower than 4 %. 

(C) Band Gap Calculation 

The optical band gap of films was calculated on the basis of Equation 25 (mentioned in 7.1.1.c). 

The following graphs show the results of these calculations, with Tauc extrapolation, on thin films 

as- deposited at 350 °C under different levels of oxygen flow. (See Figure 74) 

 

Figure 74. Band gap for IAD coated TiO2 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 oxygen flow, the band gap was 3.27, 3.33 and 3.34, 

respectively. Thus, band gap increases with a higher flow of oxygen during deposition process. In 

comparison with the processes carried out at high temperature, Figure 74 shows also band gap 

calculation of films deposited at a cold temperature, 50 to 60 °C, with varying oxygen flow. The 

band gap of TiO2 films on glass substrates varies depending on the process of deposition and the 

parameters used. The films prepared at levels between 21 to 30 sccm show a transparency in the 

long wavelength range. If the flow of oxygen is kept between 25 to 30 sccm, the band gaps would 

fall to the range of 3.24 to 3.14. Existing research shows that this is due to the film’s thermal 

stress [3]. Films processed at cold temperatures of around 50 °C show 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 was calculated by measuring the contact angle in 

exactly the same manner as mentioned in 7.1.2. The measurements were obtained using the initial 

conditions and after 67 hours of UV light. The results obtained from the films are as Figure 75: 

  

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 film exhibits an initial contact angle of greater than 

30 degrees (Figure 75 right). When this surface is under to UV light, water starts to exhibit 

a decreasing CA, i.e. it tends to disperse flatly instead of beading up, except for 30 sccm. For that, 

the Figure 75 (left) exhibits the CA for thin film kept at 30 sccm, but with different annealing 

time kept at 400 °C. Once exposed to UV irradiation, the films become super-hydrophilic as a 

result of the effect of the temperature and the oxygen.  

The superhydrophilic surface becomes wholly non-water-repellant after UV-Illumination for thin 

films coated at lower than 30 sccm and annealed for more than 8 hours at 400 °C. 
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It can be concluded that the films coated under the above-mentioned parameters exhibit a very 

high transparency and refractive index. The refractive index for the films deposited at 350 °C 

increased when the flow of oxygen was decreased. The band gap has a correlation with the 

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

7.3 Thickness Influence 

To study the effect of different thicknesses on the films´ properties, the following parameters 

were fixed: 

Table 11. Fixed deposition coating parameters 

 

Vacuum chamber Source Process 

U I O2 Heater Neutralizer U I O2 Rate 

HV[kV] E[A] [mbar] [°C] U[V] I[A] [V] [A] [sccm] [nm/s] 

8 0.35 3.10-4 350 10 27 250 3 25 0.15 

 

As mentioned in the chapter Experimental Set-Up, 3.1.6.3, and Table 11, the samples used in the 

experiments varied in thickness ranging between 150 nm and 900 nm using the fixed deposition 

rate, i.e. 0.15 nm/s.  

The samples were annealed under different conditions; for example, the first group was first 

annealed at 450 °C for 4 hours and later re-annealed at 400 °C for 7.5 hours.  

The second group of samples was annealed at a lower temperature of 250 °C for 8 hours. The 

transmission spectra of films varies depending on their thickness, which is described in detail in 

the below subheadings. 

(a) As-Deposited 

The difference in the transmission spectra for the films deposited with different thickness, 150, 

300, 500, 700, and 900 nm, is shown in Figure 76: 
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150 nm 300 nm 

  
500 nm 700 nm 

  
900 nm 1100 nm 

 

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 within the visible and IR range, independent of the 

thickness of the coating. It is important to notice that the experimental and simulated data are in a 

very good agreement. Concerning the process development, the design curve allows a detailed 
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analysis of inhomogeneities and optical properties during the growing layer via different 

thicknesses. The transmission spectra obtained are different and characteristic for each thickness. 

Figure 76 shows the range of the transmission spectra from 350 to 900 nm. The light transmission 

at different wavelengths varies with thickness of films. The refractive indices calculated for 150, 

300, 500, 700, and 900 nm thickness were 2.57, 2.57, 2.57, 2.56, and 2.55 respectively, thus it can 

be concluded that the refractive index remains more-or-less constant with the varying thickness of 

films. 

To close, good optical characteristics were seen from those layers coated with oxygen ion current 

densities up to near their critical values. A stable CC-105 optic operation is demanded. This 

relates not only to the possibility to apply correctly various coating parameters but also on the 

progressive stability. As total layer thickness increases, the optical absorption of the coatings 

increased. Moreover, no long-term drift of the variables ion energy distribution and ion current 

density distribution characteristics must be detectable. This could be caused for example by 

progressive electrode consumption or contamination effects during the process. 

(b) After Annealing 

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

transmission considerably. 

 

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 the conditions described above, there is negligible 

impact on the transmission spectra of the films, which can be observed from no optical losses to 

the uncoated curve (dark line). The optical quality of the films remains the same after annealing at 

450 °C for 4 hours. The above graphs show transparency of the film thickness, between 350 nm 

and 900 nm at the as-deposited stage, both after annealing at 450 °C for 4 hours and re-annealing 
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at 400 °C for 8 hours. The three films showed an almost identical transmission spectrum which 

leads to the conclusion that the annealing process, if carried out in the manner described above, 

does not considerably affect the optical quality of thin films. Other conditions of annealing were 

tried on the substrates coated with different thicknesses. To observe the possible effects that 

different annealing temperatures may have on optical properties and photoactivity, different 

samples were annealed at high temperatures, such as 400 °C, and at a relatively lower temperature 

of 250 °C for 8 hours. The optical transmittance data revealed good transmission in the visible 

region of the as-deposited and annealed films and a sharp fall in the UV region, which relates to 

the band gap. It can be clearly observed in Figure 78 that the optical quality of the annealed films 

is lower than the as-deposited films of the same thickness. 

 

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 the optical properties of the films after annealing 

when under the same conditions. A comparison was made between the different experiments 

using different substrates, such as Suprasil for the as-deposited films and Menzel for annealed 

films. 

(c) Band Gap Calculation 

The optical band gap of the films was measured using Tauc equations, previously mentioned in 

7.1.1 (c), and the graphs with extrapolation obtained for the as-deposited films of different 

thicknesses are shown in Figure 79. The band gaps calculated for 150, 300, 500, 700, and 900 nm 

were 3.33, 3.32, 3.30, 3.29, and 3.26 eV respectively, as can be seen in Figure 79. (Band gap 

graphs are illustrated Figure Appendix VIII. 
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Figure 79. Band gap for TiO2 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 TiO2 film deposited can be determined by 

representing A(hν)2 (A, absorption coefficient from the UV–Vis spectra) against hν and 

extrapolating to zero the straight zone of the plot. From Figure 79 it can be observed that the band 

gap energy of each sample decreases (only slightly) when deposition thickness increases. 

Additionally, the comparison of photo-induced hydrophilic activity of TiO2 thin films with the 

different thicknesses was shown in Figure Appendix IX. the initial water contact angle was 

approximately 40°. After the film surface was irradiated by UV light, the water contact angle 

decreases. All samples had low water contact angle of about 5° after illumination, which indicated 

good photo-induced hydrophilicity of these films. Among the thin films, the superhydrophilic 

activity was achieved from the films thickness of 150 and 900 nm corresponding to layer structure 

dependence. 

7.4 Correlation between Refractive Indices at 500 and 1064 nm and 

the Different Coating Parameters 

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

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

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

titania films leads to an improved thermal stability. 

The physical dependence of the refractive index on the temperature or the thermal expansion of 

the layers causes the small positive shift of the refractive index. These are not detectable in 

conventional coatings prepared by the induction of an undesirable shift by water desorption. 
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Figure 80 illustrates the evolution of the refractive indices at 500 and 1064 nm as a function of 

ion-current dependence; reactive oxygen gas used at high and low deposition temperatures, 

substrate heating during the coating process, and thickness.  

These experiments show that when the ion-source current is increased from 1 to 5 A, the 

refractive index increases slightly until 3 A, at 500 nm wavelength, yet when further increased to 

5 A, the refractive index starts increasing considerably. 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 bombardment, which improves the densification and 

the intra-columnar structures remain. This leads to water absorption and produces an increase in 

the refractive index. 

  

 

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 indifferent to its environment. These changes were 

anticipated not only in the layer density and the refractive index, but also in the crystalline 

structure, displaying a high transparency. TiO2 films deposited at a high ion dose have a higher 

transparency resulting in the photocatalytic film having the best optical property. The use of 

overhanging atoms casts a favorable light on the structural model. The process temperature also 
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has an effect on the refractive index of photocatalytic active films, as the index increases with an 

increase in the temperature, and reaches its maximum at 250 °C. This result can be attributed to 

the formation of thin films with high refractive index, which conforms to the research of Yoshida 

et al. [279]. Although the transmittance of as-deposited TiO2 films is fairly good, its refractive index 

at 500 nm is low and some absorption has been observed. After being heated, the refractive index 

of the TiO2 film at 500 nm increases. When the annealing temperature is high (up to 450 °C), the 

transmittance (shown in Chapter 7) deteriorates slowly. For the thin film’s thickness, no 

considerable proportionality to the refractive index is found, since an increase in thickness from 

100 to 700 nm decreases only very slightly the index.  

7.5 Scattering Tests Correlating to IAD Parameters  

The quality of optical components after coating can be investigated by means of the light 

scattering analysis. In particular, the state of cleanliness and the roughness of an optical 

surface [215, 280] can be evaluated with the help of the Total Scattering (TS) measurement. 

According to the international standard ISO 13696, TS is the integration of the scattered light in 

the angle range from 2° to 85° in the frontal hemisphere of the investigated specimen. TS is 

calibrated as the ratio of the scattered power Ps divided by the incident power P0. Thus, TS is 

dimensionless. P0 is measured by using a calibration sample which is a diffuser with an exactly 

known reflectance at the investigated wavelength. The scatter characteristic of the calibration 

sample has to be Lambertian (cosine-scatter distribution). Because of the low level of the scatter 

losses, TS is expressed in terms of ppm (0.000001, parts per million).  

The scatter loss depends on the roughness and spectral reflectivity of the sample. The relationship 

between the scattering in backward direction and the roughness of the opaque surfaces can be 

expressed as: 

6� [ ��]�	·	 p4«	·	®] q�
 Equation 28 

where λ corresponds to the test wavelength. For the calculation of RMS-roughness σ of a sample, 

its spectral reflectivity R has to be exactly known. The TS results presented in this work are used 

only to indicate the evaluation of the surface quality and not for the exact determination of σ. For 

the evaluation of the TS results presented in this thesis, mappings (Ø = 22 mm) are performed in 

the center of the samples. The “optimized mean value” of the TS direction is calculated according 

to the corresponding data evaluation procedure in ISO 13696. The distance between two points on 

the mappings amounts to 25 µm and the measurements are done at wavelengths of 633 nm or 
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532 nm. Figure 81 shows an example of a scattering map for a coated sample. The detection limit 

(background) of the involved TS-set-up amounts to 0.1 ppm and thus, smooth samples with 

a RMS-roughness in the range down to 1 Angstrom can be investigated [215]. The realized set-up at 

LZH allows for a fast mapping of the samples in a few minutes. 

 

 

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 (S>Sm + 2std) level of scattering. The procedure of data reduction is 

iterated 9 times. 

(a) Fast Scattering Test for the Ion-Source Parameters Dependence 

In order to evaluate the influence on the Denton CC- 105 parameters by the coating, scattering 

maps of the samples were investigated to monitor the effect of the ion-source current and oxygen 

flow. The results of these tests are depicted in Figure 82. 

 

Figure 82. Results of scattering test on different ion-source parameters. (Left) Ion-source current 

comparison with 30 sccm O2. (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-source current causes the increase of the scattering. It 

indicates that the ion kinetic energy has an effect on the surface morphology and on the 

production of agglomerates of crystallites. Scattering increases considerably if the ion-source is 

operated with a high discharge current such as 4 A or 5 A. A small variation can be observed 

when the ion-source is operated with oxygen as the reactive gas. An improvement (from 450 ppm 

to 200 ppm) of the scatter level is observable due to a high level of oxygen assistance. The ion 

energy distribution and the ion current density have an affect on the surface morphology and the 

production of agglomerates of crystallites.  

(b) Fast Scattering Test for Thickness and Temperature Dependence 

In Figure 83 the measured scatter losses of a TiO2 layer series are illustrated. The thickness of a 

single layer varies from 100 to 700 nm. An increase of the scatter level can be observed when 

layer thickness increases. The change of the samples’ reflectance is about 4%. However, the 

scattering of the layers increases from 250 ppm to 4500 ppm. This is an indication that the 

roughness of the layers increases strongly with their thickness. 

 

Figure 83. Influence of the deposition thickness on the optimized mean values. 

The roughness of the single layer correlates strongly to the surface roughness of the substrate 

(before coating) [280]. Therefore, fused silica samples (Suprasil) with a RMS-roughness of about 

1.47 nm (Figure 50) are used. In order to investigate the effect of the sample, AFM-profilometry 

tests of coated and uncoated substrates are performed. The corresponding AFM images reveal that 

pronounced agglomerates of crystallites in the layer are the cause of the roughness effect.  

A test series is performed in order to verify the effect of the temperature on the coating roughness 

on Suprasil samples. The thickness of the layers was equal in all samples (300 nm ±15 nm). The 
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results are shown in Figure 84. They are in considerable agreement with the measured sample 

scattering, that the change of the reflectivity is not considerable. 

 

Figure 84. Accordance between the scattering result and the roughness of the single TiO2 layer by 

different coating temperature, at ~ 300 nm. 

It can be concluded that there is a linear correlation between the scattering values and the coating 

temperatures. Adjusting the ion-source parameters does not have greatly influence the scattering 

level. The results obtained from the experiments can be used to understand the correlation 

between the morphology, optical characteristics, and the photocatalytic activity based on an 

optimized coating matrix. Total Scattering measurements, according to the ISO 13696 standard, 

can be involved for a precise and fast testing procedure for the determination of the surface 

roughness quality [27, 215].  

7.6 Chapter Conclusions 

To summarize the above headings, the coating temperature, oxygen flow, and film thickness were 

varied in the experiments conducted to assess functional properties of TiO2 films using the 

optimized IAD process (VI). These parameters were used on as-deposited and annealed films. To 

evaluate the processes and correlation among different parameters, three different methods were 

used, namely spectrophotometry, SEM, and EDX. To compare the hydrophilicity of different 

samples water, CAM was used. During the experiments, all films prepared using these different 

process parameters showed a high transparency and high refractive index. The films also showed 

superhydrophilic properties under UV light and became hydrophobic after being stored in the 

dark. An increase in process temperature and annealing temperature improves hydrophilicity and 

structural and optical properties of transparent films. The most suitable results in terms of 

hydrophilicity were observed in cases of films coated at a process temperature of 350 °C. The 
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films processed under these conditions have the largest particle size, most roughness, and the 

highest hydrophilic properties.  

The annealing of TiO2 films at a higher temperature of above 600 °C typically results in a lower 

transmittance. Therefore, the motive that the maximum annealing temperature operated during 

this study was generally 500 °C. The refractive index is proportional to the substrate temperature. 

Additionally, the refractive index for the films deposited at 350 °C increased when the flow of 

oxygen was decreased.  

The transmission spectrum of films differs depending on their thickness, If the thickness of the 

films is increased the particle size increases. The refractive index rests more-or-less constant with 

the changing thickness of films. 

Finally, the surface turns into a highly hydrophilic state and remains unchanged for up to one 

week. It can therefore be expected that various glass products, i.e. mirrors and eyeglasses, can use 

this technology to gain anti-fogging functions. All with simple processing and a low cost. The 

TiO2 films prepared via PVD display low packing density resulting in low refractive index values 

and a high sensitivity to the environment [281]. It is for this reason that ion-activated technologies 

have been developed. One of which being ion assisted deposition (IAD) which is largely used due 

to its good acclimatization to the coating chambers [163, 179].  
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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 various titania layer functionalities over different 

processes, discussed here is the correlation between these functionalities on the basis of the drawn 

conclusions. Previously considered were general studies regarding PVD inclusive comparison 

with conventional and ion beam sputtering and other processes, summarized as follows: 

� As previously mentioned in Chapter 6, the photocatalytic activity may also simply be 

connected to roughness. When a thin film has both a completely dense structure and a flat 

surface, the active surface area is equal to the geometrical area of the substrate. A rough 

surface, on the other hand, will have a larger area [3]. 

� Varying levels of thickness result in different transmission spectra. However, annealing 

does not make a considerable difference on transmission spectra and the refractive index 

of films is affected by the temperature used. The band gap also increases with a higher 

flow of oxygen during the IAD deposition at 350 °C. 

� All the films used in the experiments exhibited super-hydrophilic properties after being 

exposed to UV light. 

� The SEM results show a direct correlation between the size of the agglomerate, the 

coating thickness, and the annealing effect. An increase in the coating thickness increases 

the size of particle. The same can be achieved by the annealing procedure, which results 

in an anatase structure. An increase in the size of the particle also increases the active 

surface area, which then improves the affixing of OH-radicals and consequently, the level 

of photoactivity ameliorates. 

Striking a compromise between a sufficiently high optical quality and a ‘multi-functional 

structure’ gives the appropriate optimization range of the coating processes. With a sufficiently 

high optical quality, it is possible to produce a dense transparent structure, which is needed to 

provide good photocatalytic characteristics. Generally, if a thin film has a completely dense 

structure and a flat surface, the active surface area is equal to the geometrical area of the substrate. 

A rough surface, on the other hand, will have a larger area. 
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Chapter 8 here discusses a final correlation and the optimal phase for important IAD parameters. 

Crystallinity, photoactivity, self-cleaning, and hydrophilicity are some of the functionalities 

analyzed, and thus the correlation between these form the subject matter of this chapter.  

Owing to this, reaching a balance between an optical characteristic, such as, the change of the 

refractive index with wavelength (dispersion) and the stability of the monolayers is a fundamental 

issue to the microstructure and functional properties correlation section of this research, along 

with the understanding of hydrophilicity, photocatalytic performance and microstructure, use has. 

8.1 Correlation between Grain Size, Photonic Efficiency and 

Hydrophilicity with Ion-Source Current as a Variabl e 

The ion-source Denton CC-105 was operated with 30 sccm oxygen using a standard 0.64 nm 

diameter tungsten wire as the filament lit under an ion-source discharge current between 1 and 

5 A. The typical operation parameters are that of oxygen flow, temperature, coating rate, 

thickness and ion-source gas flow. With the aim of influencing of the discharge current, all of 

these parameters were kept at a constant, with the exception of the ion-source current. With the 

aim of managing the stability of the ion energy distribution and understanding the correlation of 

the ion-source current with the morphology and the photocatalytic performance, the ion-source 

voltage was kept constant at 200 V. To technically attain this constant rate, the CC-105 

neutralizer was adjusted to stabilize the ion-source voltage, and the neutralizer potential was 

altered according to the goal process parameter. 

Ehlers et al. [211] demonstrated by RFA measurements, that the long term stability of the ion 

energy distribution and ion current density is vitally important for the production of both complex 

and stable optical results, involving homogenous titania films. The measurement conditions for 

BAK 760 assisted with Denton CC-105 have already been investigated [213, 235]. The RFA 

measurement shows how optical conditions in thin film reach stability. At that point, the stability 

of this ion- source is related to the discharge current and voltage, the filament current and voltage 

and the flow of oxygen as a reactive gas. 

One purpose of the ion-source is the formation of ions from the sampled gas molecules and 

atoms, which is done through electron impact, with another purpose being to focus and accelerate 

these ions. The detector is responsible for the ion current collection and measuring, and is usually 

based on a RFA ion collector. The majority of detectors are provided to amplify the ion current. A 

methodical analysis is shown from the resulting ion energy distributions: Increasing the discharge 

current from 1 to 5 A alters the peak positions for the ion energy distributions to gain better 

kinetic energies, which corresponds to a higher ion current density. Also in the RFA study, it was 
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shown that a quadratic fit is a good approximation and proved the reliance of the ion-source total 

energy as a function of discharge current. 

 
I=1.5 A, Av (*): 32.75 nm I=2 A, Av: 50.25 nm 

 
I=3 A, Av: 64.75 nm I=5 A, Av: 75.25 nm 

 

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 TiO2 thin films was determined with the support of SEM in which different 

and randomly chosen regions of the coated samples were examined. The grain size was 

determined by taking the average sizes of these examined samples. These sizes are chosen with a 

representative methodology for the examined morphological area. The four images shown as 

Figure 85 show the grain size of the samples coated using varying ion-source currents, 1.5, 2, 3 

and 5 A. 

SEM showed that a TiO2 film is composed of 30 - 80 nm grains and increases in proportion to the 

ion-current, which is evident in Figure 86. 

 

Figure 86. Correlation between grain size of the monolayer TiO2 and the ion-source current. 

The films exhibited, from a top-side view, a uniform structure of the column and granular surface 

with a fine grain for low ion current values of 1.5 and 2 A, as compared to higher levels of 3 and 

5 A which show a large grain size. This change in the grain size appears to be due to the 

enhancement of the crystallization. Films prepared with a high ion-current level possess a strong 

adhesion to the substrate, and the crystallinity of the samples coated using 30 sccm is shown in 

the following Figure 87: 
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Figure 87. XRD pattern of the prepared TiO2 thin films with a variation of ion-source current at 1.5 

A and at 5 A. 

For the sample prepared at 1.5 A, an almost exclusively anatase modification is found. A slight 

shoulder at a 2θ angle (101) of about 26° is visible, but cannot be attributed to the rutile (110) 

reflection usually situated at 27.45° 2θ. Interestingly, the photonic efficiency is significantly 

decreased to 0.045%. Additionally, XRD study shows an increase in the ion-current to a value of 

5 A, which is the maximum level possible with the Denton CC-105 ion-source providing a stable 

energy distribution. The higher ion current of 5 A provides well crystallized films. The preferred 

orientation of the anatase crystallites is (101). The columnar structure of the (101) preferred 

orientation TiO2 prepared by IAD was similar with that produced using the sputtering in a 

previous study [103, 273]. Obviously, all the other anatase reflections are weakened, which can be in 

accordance with the preferred columnar growth shown in the SEM cross section image. A good 

degree of crystallinity leads to a quite high photonic efficiency of 0.077%. Possibly, the mixed 

phase composition of rutile and anatase found also in the prominent titania photocatalyst Degussa 

P25 has a positive effect on the photocatalytic activity as well [70, 71].  

Raman bands at 141, 393, 514, and 636 cm-1 (Figure 88) are designated to the anatase phase. 

Those displayed at 320 cm-1 and 450 cm-1 correspond to the rutile phase. In all of the coated 

samples, the dominant titania phase is anatase. 

 

20 25 30 35 40 45 50 55 60

 

A
(1

01
)

In
te

ns
ity

 / 
a.

 u
.

2Θ / °

 1.5 A, 30 sccm, 300 °C
 5 A, 30 sccm, 300 °C

A
(1

03
)

A
(0

04
)

A
(1

12
)

A
(2

00
)

A
(1

05
)

A
(2

11
)

R
(1

01
)

A
(1

03
)

A
(0

04
)

R
(1

11
)

A
(2

00
)

A
(1

05
)

R
(2

11
)

A
(2

11
)

R
(1

10
)A

(1
01

)



150 

 

Figure 88. Raman spectra of TiO2 at various ion-current (minima 1.5 A, and maxima 5 A). 

As has already been noted before, the ion energy increases with an increase in the ion-source 

current, from 1 to 5 A. This results in an increase in the ion dose and therefore a denser layer. 

Additionally, when the energy is high, i.e. 5 A ion current discharge, the distribution of crystal 

atoms can change with the formation of the rutile phase parallel to the anatase. The SEM pictures 

also show that there was columnar growth, which leads to an enhanced photocatalytic 

performance. 

In order to clarify the effects of ion bombardment on film growth, a microstructure study was 

conducted. This study demonstrated that the films obtained at a high ion-current are 

polycrystalline, consisting of anatase and rutile phase. These same conditions also improve the 

rough surface and a columnar cross-sectional structure. Rough surfaces are determined using the 

SEM images and have a high discharge current (higher than 3 A). 

In order to clean the substrates, ion bombarded and prior to film deposition was conducted (Figure 

89). Ion bombardment during film deposition produces one or more advantageous effects, 

including sputtering of loosely-bonded film material, desorption of gases, low-energy ion 

implantation, modification of a large number of film properties and conformal coverage of 

contoured surface.  

The source material is not required to be derived from a target as it can also originate from an 

evaporation source that reacts to the condensed constituents 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 procedures is that some chemical reactions are hastened at 

a given temperature in the presence of energetic reactive-ion bombardment plasma oxidation, 

which is basic for the ‘overhanging atom’. The return will be essentially identical for the 

bombardment of a surface with an ion or an atom of the same energy; e-beam PVD relies on the 

transfer of physical momentum and kinetic energy from the incident particle to the surface atoms, 

which is independent of the particle’s charge. Not only are the same parameters known, but they 

are for the most part controllable. Together with previously mentioned proper e-beam techniques, 

this makes the process useful during the early stages of film growth for bombardment.  

The ion bombardment persuaded not only the condensation of the adsorbed atoms, but also 

a growth of the crystal from an anatase crystalline phase to an anatase-rutile mixture using the 

same oxygen-atom flux of 30 sccm. This variation on the microstructure affects also the 

photocatalytic performance.  

In addition, the roughness can have a significant influence on the heterogeneous catalysis process. 

Adsorption of molecules is typically related on steps and edges to rough titania surfaces. 

Roughness enhances hydrophilicity and affects the wettability, meaning that the layer is 

consequently more photoactive. As a result of the large aggregates formed by the interconnected 

TiO2 particles, the TiO2 surfaces show important roughness, depending on the scan sort, 

preparation method and fractal dimension range (see chapters 6 and 7). 

 

 

 

 

 



152 

 

 
 
 
 
 
 
 
 
 
 
 

L: 1.738 µm, 
RMS: 5.247 nm, 
Rmax: 18. 299, 
Rz: 14.56 nm, 

Radius: 3.507 mm 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

L: 2.266 µm,  
RMS: 7.543 nm,, 
Rmax: 44.627,  
Rz: 30.866 nm, 

Radius: 1.486 µm 

Figure 90. AFM investigation of coated titania thin layers with different process parameters. Top: 

witout IAD, Bottom: the crystallite size is larger for TiO2 films deposited with Process V , CC-105, at 

high discharge current. 

This may be one more reason for the improvement in the photocatalytic activity of TiO2 films, as 

a larger size results in more active sites being available for photodegradation. There is usually no 
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direct correlation between the surface and the activity of the individual sites. It is also known 

from AFM pictures, Figure 90, that the crystallite size is larger for TiO2 films deposited with CC-

105, at high current values. As the ion-beam current is increased from 1 A to 5 A, the crystal’s 

grain size increases and becomes rougher, leading to an increase in the photocatalytic 

performance of the TiO2 films. A current of 1 A corresponds to a root mean square RMS equal to 

5.247 nm, with an average maximum height (Rz) equal to 15 nm. At 5 A, the values are 7.543 nm 

for RMS and 31 nm for Rz. The RMS values (RMS being the standard deviation of the Z values, Z 

being the total height range analyzed) for both films show that the TiO2 films present surface 

characteristics of greater size when compared with heated IAD films. 

To accomplish suitable conditions for high crystallinity, a columnar growth observed via SEM, a 

good crystal orientation, a rough surface and high ion-energy dose (via high temperature upper 

than 250 °C and via discharge current higher than 3A) are required. 

After determining the grain size and the roughness, the next step was to measure the contact 

angle, both with and without UV illumination. The correlation of the photonic efficiency, 

microstructure, and contact angle, before and after UV illumination is depicted in the Figure 91 

and Figure 92. 

 

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. 

( 1 to 5 A, 300 nm, substrate heated via high temperature)  

Figure 91 to Figure 93 show that the high photonic efficiency of the coated substrates is slightly 

above 0.070%, and also displays the structural sizes obtained from the experiments. The results 

represent good demineralization of methylene blue. The CAM results showed a hydrophilic 

structure after UV exposure, but a relatively higher contact angle was observed on the sample 

treated under high ion-source current, of 5 A. It can be concluded from these different phases that 

the microstructure of coated films changes with different levels of the ion-source current. 

 

Figure 93. Correlation between photonic efficiencies and for different grain size values. 

The synergetic effect of photocatalysis and hydrophilicity can be explained as follows. As it is 

possible with hydrophilicity to adsorb more OH groups on the surface, the photocatalytic activity 

is enhanced, therefore hydrophilicity can improve photocatalysis. 

It is also possible for the film surface to adsorb particles, which can then turn the hydrophilic 

surface to a hydrophobic surface. The organic compounds on the film surface can be decomposed 

through photocatalysis, which brings about the restoration of hydrophilicity. Photocatalysis can 

then improve hydrophilicity and preserve this trait for a long duration. The self-cleaning effect of 
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hydrophilic TiO2 film can be expressed as in Figure 94. There is a layer of chemisorbed H2O on 

the film due to its hydrophilicity. The chemisorbed H2O can further adsorb layers of water by Van 

der Waals forces and hydrogen bounds that hinder the close contact between surface and adsorbed 

contaminants. So the soiled substance adsorbed on the surface can be easily removed by spread 

water and the glass shows self-cleaning effect. The self-cleaning effect can stay a long time due to 

the synergetic effect of photocatalysis and hydrophilicity as is related above. 

 
(details in Figure 3) 

 

Figure 94. Self-cleaning mechanism of hydrophilic TiO2   thin films 
[104]

.  

As shown in Chapter 7, in addition to the ion current, oxygen ions and electrons, from the Hall 

ion-source, play a role in increasing transfer energy. The momentum transfer of the IAD ion-beam 

bombardment on the growing titania films may result in an improvement of the microstructure, 

the absorption of UV-light and the generation of more electron-hole pairs, thereby increasing the 

photocatalytic performance [2, 3, 65, 87, 213].  

8.2 Effect of the coating parameters on microstructure and 

photocatalytic activity  

Different deposition parameters were set to find the most suitable method to produce titania films 

with optimized optical and morphological properties. The fixed parameters were 3 x 10-4 mbar O2 

gas, 0.15 nm/s coating rate, and 300 nm film thickness. To analyze its impact, the other 
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parameters were held in a substrate temperature range between 60 to 300 °C, an ion-source 

discharge current (I) of 1 to 5 A, and oxygen as a reactive gas of 20 to 30 sccm. Figure 95 

presents the time-dependent photocatalytic degradation obtained from the UV-illumination of the 

titania coated samples. The initial concentration of methylene blue was kept at 10 µmol/l. A 

comparison of the methylene blue degradation on the coated surfaces prepared with different 

deposition parameters is presented in following Figure 95, with uncoated glass as the reference 

sample. 

 

Figure 95. Photocatalytic degradation of titania films with different processes methods at 300 °C. 

An analysis of the photocatalytic activity was conducted from the calculation of the photonic 

efficiency values. Prior to this, both the rate of demineralization of methylene blue over 20 hours 

and the variation of the ratio of ln (C/C0) versus time were determined (Figure 96). 

 

Figure 96. Photocatalytic activities of different coating processes. Uncoated represents the pure 

SiO2 substrate (Suprasil). 
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The samples with the two parameter sets of 1.5 A, 23 sccm, and 250 °C, and 5 A, 30 sccm, and 

300 °C show the expected linear behavior and a high photocatalytic activity. Another tendency is 

that MB adsorbs onto TiO2, and the oxygen-saturated conditions influence the photobleaching 

mechanism [61]. 

The resulting values in Figure 96 show an influence of process parameters on the dye 

demineralization mechanism rate differences via the production of electron hole pairs on titania 

surfaces (as explained in 5.1. pp.70-78). Table 12 demonstrates the increase of photonic 

efficiencies using the IAD method at 60, 165, 250, and 300 °C. 

Table 12. Result of the photocatalytic activities of the coated samples using different deposition 

parameters. 

 

Deposition parameters Photonic efficiencies [%] 

conventional, 300 °C 0.035 

1.5 A, 23 sccm, 60 °C (cold) 0.038 

1.5 A, 23 sccm, 165 °C 0.054 

1.5 A, 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 was coated by the conventional method, without the 

use of the ion-source. The process temperature was kept at 300 °C and a thickness of 300 nm was 

maintained for the prepared titania films by utilization of an ion-source. In a past paper [123], 

titania films prepared using the conventional method, without the IAD method, and at a thickness 

of 300 nm, exhibit only low photocatalytic activity. The X-ray diffraction spectra of the 

conventionally prepared film are shown in Figure 97a. Although a pure anatase phase is 

identifiable, the film exhibits a very low degree of crystallinity indicated by the exclusive 

presence of a low-intense anatase (101) reflection. The low crystallinity results in the lowest 

photonic efficiency of all tested samples, of only 0.035%. 
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Figure 97. XRD pattern of the prepared TiO2 thin films with the conventional method and with cold 

IAD process. 

Figure 97b represents the XRD data of a thin film prepared with the ion assisted deposition 

method, but at a process temperature of approximately 60 °C as a cold substrate temperature. The 

ion-source current and the oxygen flow rate were maintained at 1.5 A and 23 sccm, respectively. 

The thickness of the deposited film was fixed at 300 nm. Although the degree of crystallinity is 

improved compared to the conventional film, it is still quite low. Besides the (101) reflection, the 

(004) reflection can be assigned to the anatase phase. Consequently, the photonic efficiency is 

marginally increased, to 0.038%. 

As the conventional method and the cold IAD preparation lead to almost amorphous films, and 

consequently to low activities, the process temperature was optimized.  

 

Figure 98. XRD pattern of the prepared TiO2 thin films with a variation of IAD process temperature. 
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The ion-source current, the oxygen flow rate, and the film thickness were fixed at 1.5 A, 23 sccm, 

and 300 nm, respectively. The X-ray diffraction data of the samples prepared at 165 °C (a), 

250 °C (b), and 300 °C (c) are presented in Figure 98. 

The degree of crystallinity is significantly improved for all samples indicated by the presence of 

all common anatase reflections in the investigated angular range. The samples are free of the 

rutile phase, yet more importantly, the process temperature affects the growth of crystal faces 

leading to a preferred orientation of the anatase particles. Beside the (101) reflection being of 

a high intensity in the whole temperature range, the anatase (004) diffraction reflex becomes very 

intense by applying a process temperature of only 165 °C (Figure 98a). This reflection decreases 

when the process temperature is increased. A similar behavior is also found in the anatase (105) 

diffraction reflex, yet both the anatase (211) and (112) reflections develop the opposite way. As 

with the cold-prepared ion assisted sample (Figure 98b), the most intensive reflections of the thin 

film deposited at a relatively low temperature of 165 °C, are still found with (101) and (004) 

indices. However, the latter index features represent a higher degree of crystallinity, leading to an 

improved photonic efficiency of 0.054%. By raising the process temperature to 250 °C, the 

photonic efficiency is significantly enhanced to 0.097%, and a further increase to 300 °C leads to 

a slightly higher efficiency of 0.098%. Therefore, a (004) preferred orientation of anatase 

crystallites seems to be unfavorable for photocatalytic activity. Tung et al. [282] reported about a 

low carrier concentration and a poor mobility of photo-excited electrons in TiO2 anatase thin films 

with (004) preferred orientation. This corroborates very well with our finding that preferred 

orientations in the (211) and (112) lattice planes greatly increase the photonic efficiency. 

The process parameter of the oxygen flow rate was increased from 23 sccm to 30 sccm to 

determine its effect on the structural characteristics and the photocatalytic activity, whereas the 

ion-source current, the process temperature, and the film thickness were kept at 1.5 A, 300 °C and 

300 nm, respectively. Figure 99 shows clearly that the oxygen flow rate has no influence on the 

preferred orientations of the crystallites. Interestingly, the photonic efficiency is significantly 

decreased to 0.045%. 
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Figure 99. XRD pattern of the prepared TiO2 thin films with a variation of oxygen flow rate using 

the IAD method. 

Additionally, thin film samples were prepared by increasing the ion-current to a value of 5 A, 

which is the maximum level possible with the Denton CC-105 ion-source providing a stable 

energy distribution. Whereas film thickness and process temperature were maintained at 300 nm 

and 300 °C respectively, the oxygen flow rate was adjusted to 23 or 30 sccm. Figure 100 (b) 

shows the X-ray diffraction data obtained with 23 sccm oxygen flow, indicating a low degree of 

crystallinity, but the presence of a small amount of rutile as a second titania phase. Once more, the 

low degree of overall crystallinity leads to a low photonic efficiency of 0.039%. The higher ion 

current of 5 A requires an increased oxygen flow rate of 30 sccm to provide well crystallized 

films (Figure 100a). 

 

Figure 100. XRD pattern of the prepared TiO2 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 Raman bands centered at 141, 393, 514, and 636 cm-1 

are assigned to the anatase phase and those performing at 320 cm-1 and 450 cm-1 correspond to the 

rutile phase. Anatase is the dominant titania phase in all measured coating samples. Raman 

displays a rutile by-phase clearly in the 5 A-film deposited at a high oxygen flow of 30 sccm.  

 

Figure 101. Raman spectra of TiO2 at various deposition parameters. 

 

Figure 102. SEM micrographs of TiO2 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).  

(b) 

(c) 

(a) 
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The SEM micrographs shown in Figure 102 reveal that the sample deposited using conventional 

PVD without IAD (a) has a smoother surface than the samples deposited by a thermal evaporation 

method (b, c). Figure 102c displays a cross-section of the columnar structure of the deposited 

titania with an approximate thickness of 350 nm. The films have uniform cross-sectional 

structures. A smoother surface is shown for the conventional coated, and therefore has less 

pronounced hydrophobic properties than the films deposited at 300 °C. 

The film porosity can influence the active surface area, which in turn has a strong effect on the 

photocatalytic activity. From optical transmission measurements, a simple way to estimate the 

porosity can be determined [269]. The microstructure (porosity) of the thin films generally enlarges 

the surface area [3]. 

It is known that the packing density of the films can be checked by measuring the optical property 

of the films as follows [283, 284]: 

�343B7@¯ [	 °1 8 e1� 8 11±� 8 1l² ·	100% Equation 29 

where nd is the refractive index of pore-free anatase TiO2 (2.3), and n is the refractive index of the 

deposited TiO2 films. A pure SiO2 (Suprasil) was used with a Ts 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 nm, was 2.52, a higher result than values that have 

been previously garnered. Table 13 shows that there is a reduction in porosity as the deposition 

temperature increases. This remark also corroborates with the above explanation that one reason 

for the decrease in band gap with temperature could be IAD film densification. 

The column-grains have rounded tops and an elongated, approximately cylindrical shape. The 

rounded tops will in all cases increase the surface available for catalysis. The side surfaces of the 

column-grains can only participate when the inter-grain spacing is large enough to allow diffusion 

of the reactant and reaction products. This inter-grain spacing actually defines the pore size in the 

thin film. If a thin film has a completely dense structure and a flat surface, the active surface area 
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is equal to the geometrical area of the substrate. The surface can consist of a collection of semi-

spheres (the tops of the individual grains). 

 

Figure 103. Transmittance measurements of TiO2 thin films prepared by IAD at 1.5 A, 23 sccm O2, 

as a function of the process temperature: Green: 165 °C, Blue: 250 °C and Red: 300 °C. 

From the transmission spectra, it can be deduced that the transmission rate of the coated samples 

is qualitatively high. Figure 103 shows the transmittance of thin films prepared with 1.5 A, 

23 sccm O2 at different temperatures. A transmittance of 93% value, nearly the value of the 

uncoated side, at 550 nm shows an obvious result regarding the thickness of the titania coating of 

300 nm. The difference between the curves of Figure 103 at high wavelengths indicates a slight 

variation in terms of thickness. The refractive indices are estimated to be 2.52, 2.53, and 2.54 for 

process temperature 165, 250, and 300 °C respectively.  

During the IAD process, the crystallite grain size influences the absorption edge of the titania thin 

films, as demonstrated by Wang et al. [5, 54] A relationship can be determined between the 

morphology and the optical properties that can be more heavily specified using a correlation with 

the photonic efficiency values (Figure 104). Furthermore, it appears that some of the oxygen ions 

and electrons from the ion-source might play a role in increasing the MB deposition rate (Chapter 

5). The momentum transfer of ion-beam bombardment on the growing IAD layers can result in 

augmenting the packing density of the microstructure and 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 activity strongly depends on the roughness of the thin 

films prepared by IAD (Figure 104). A high ion-source current and a low reactive gas, or vice-

versa, is unfavorable in obtaining high grain sizes. The sample coated with the conventional 

method without ion-assistance is used as a reference.  

The process conducted without using an ion-source showed a low presence of anatase on the 

XRD and Raman data. An increase of temperature positively influences the photo-mineralization. 

A mixture of anatase and rutile can provide high photoactivity. Anatase and rutile phases bear an 

influence on certain coating parameters, such as, the substrate temperature or the ion-source 

parameters.  

Hence, another conclusion of this study is that the factors adversely affecting crystallinity are 

mainly fourfold; that of the ion assistance used, the temperature applied, the ion-source current 

value, and the oxygen level when used as the reactive gas. The factor that positively and 

substantially influences the crystallinity is the maintenance of the pre-defined values between the 

ion-source current and the reactive gas. The temperature was kept between 60 °C and 300 °C and 

the thickness was kept at a constant of 300 nm, which influenced the photonic efficiency and 

crystallinity. This leads to the conclusion that for a suitable level of crystallinity and 

photoactivity, a precise level of an ion-source current and a reactive gas plays an important role. 
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9. Future Research and Utility 

The innovative measurement systems, that were optimized, can be put to approve for further use 

and innovation. Some research ideas have already been initiated, some of which involve research 

on extraction of TiO2 from sun-protective agents, photocatalytic activity of commercially 

available sun-protective glasses, and the determination of TiO2 content of these examined sun-

protective agents. There are many areas where this research is of use. Two of the most applicable 

of these, photocatalytic transparent films under visible light, coating potential on laboratory 

equipment, have been discussed below. 

9.1 Photocatalytic Transparent Thin Films under Visible Light 

One section of the research for this thesis was conducted specifically to understand the 

functionality of TiO2 thin films under visible light as opposed to UV, which has been thoroughly 

discussed in previous chapters. It was necessitated primarily by the need to increase the scope of 

utility in coating to visible range. Recent efforts have been made to increase the efficiency of TiO2 

as a photocatalyst under visible light and for this purpose research has been conducted to produce 

thin films doped with certain elements including Silver (Ag) and Gold (Au) [78, 89, 130, 149, 285- 287]. 

Due to surface plasmon resonance, which is a light-induced collective oscillation of conducting 

electrons on the surface, silver and gold absorb light in the visible range. For the purpose of 

obtaining structures which can facilitate high performance catalysis, many chemical and physical 

methods, such as, co-precipitation [288], chemical vapor deposition [289], co-sputtering [290], 

deposition– precipitation [291, 292] and gas-phase grafting [293] have been developed. To produce 

gold metal nanostructures, several procedures have been published [294]. Mesoporous TiO2 films 

with defined mesoporosity, that is, narrow pore size distributions, synthesized via sol-gel 

technique were used recently [89].  

Ag and Au were used in this research with their differences when expending the ion assisted 

deposition (IAD) method being a focus. The photocatalytic activity of the titania thin films 

produced was evaluated. The doped Ag- titania films, was deposited as co-e-beam evaporation in 

BAK 760, with Denton CC-105. The voltage of the plant, Balzers BAK 760, was kept at 8 kV, the 

voltage of the ion-source, at 2.5 A. The flow of oxygen, 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, the substrates were coated with TiO2 thin films 

and were placed inside a furnace to anneal for 12 hours at 400 °C. After this, the Au was added 

with a pressure of 10-1 mbar while operating 10 mA current, with Bio-Rad Polaron Division TEM 

Dehydrator Model E500M utilized for this process. Once the deposition process was completed, 

the substrates were again placed inside the furnace for 12 hours at 400 °C to anneal. 

9.1.1 Optical Properties 

The samples of thin films produced with metal doped TiO2 process were studied for optical 

quality, total scattering, photocatalytic properties, contact angle, crystal structure, and anti-

bacterial properties. Each of these will be discussed below. The optical quality of each sample 

was estimated using the transmission curves mentioned earlier in Chapter 7 (IAD and its 

functional properties). The following Figure 105 shows the area, which corresponds to the 

transverse surface plasmon band of spherical gold nanoparticles [295, 296].  

  

Figure 105. Transmissions spectra of TiO2-Au with presence of the plasmon resonance peak at 

approx. 560 nm. Blue (Top): TiO2 + Au-3s, Red: TiO2+Au-5s, Black: TiO2 +Au-9s. 

For metal nanoparticles of Au, the plasmon absorption arises from the collective oscillations of 

the free conduction band electrons that are induced by the incident electromagnetic radiation. For 

Au/TiO2 samples, the intensity of absorbance band is related to the size of Au particles and the 

content of Au in Au/TiO2. There is only a slight increase of the absorbance intensity when the 

time of gold increases from 3 to 9s. According to the relevant references [297, 298], the size of Au 

has no evident increase. 

As reported by I. Bannat et. al, the comparable spectrum wavelengths of the surface plasmon 

resonance band designate that there is no further effect of the refractive index and of the dielectric 

constant of the transparent thin TiO2 film on the position, which normally indicates a presence of 

a characteristic red shift depending on the film thickness. A very slight color spectrum was 

observed due, may be, to the small thickness and preparation method to compare with 

mesoporous sol-gel samples.  
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Other transmission spectra obtained, TiO2-Ag are shown in Figure 106. The shift of the band gap 

to the visible region was clearly observed with the increase of Ag amount.  

 

Figure 106. Transmission spectra of TiO2-Ag. Black: 100 nm TiO2 and 15 % Ag, Blue: 200 nm TiO2 

and 10 % Ag, Red: 300 nm and 20 % Ag. 

The position of plasmon bands of the Ag-TiO2 films on Suprasil glass confirms the formation of 

Ag nanoparticles. As the figure shows, the transmission is recognized to shift toward the visible 

region depending on the percent of silver implanted in TiO2.  

The ion-implantation of this transitional metal is effective in modifying the properties of TiO2 thin 

films to make shifts in the absorption band to the visible light range. The experiments showed that 

if Ag is applied for longer durations, absorption increase and transparency decreases.  

The refractive indices of TiO2 at 550 nm, TiO2-Au, and TiO2-Ag are calculated as 2.44, 2.44 and 

2.42 respectively. 

9.1.2 Photocatalytic Properties 

Photocatalytic properties of the thin films were determined through the same process of 

methylene blue degradation. The films displayed all of the 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 compared against the degradation signal (mV) 

obtained from the graphs against irradiation time. It is showed that the photocatalytic 

decomposition carried out with visible-light source slightly depend of the Au time deposing (1 to 

3s). The catalysts with silver particle are the most active. It is proposed that in the catalyst with 

gold particle efficiency is the responsible of the activity. Meanwhile, the plasmon surface 

resonance band plays an important role in the photoactivity behavior [299]. The photocatalytic 

reaction is highly sensitive to the catalyst surface. When looking at the electronic properties, 

doping will influence two factors [91]; namely (i) the charge carrier separation and mobility and (ii) 

the absorption edge. The first factor will affect the number of photons which can be utilized for 

the chemical redox- reaction while the second will change the wavelength of the light needed to 

activate the catalyst, mostly trying to shift the absorption edge towards visible light. Methylene 

blue reacts with electrons generated on the TiO2 particles under near visible light. TiO2-Ag has 

the best photocatalytic activity, with other metals not as efficient for methylene blue degradation 

due to the photonic efficiency being less than pure TiO2. However, this does not mean that they 

are not efficient under visible light, as shown in research literature where it is possible to use 

different chemical components for Vis-Photocatalytic activity (such as Reactive Brilliant Red X-

3B, MTBE, Nitrobenzene, methyl orange, and acetic acid) [193, 300,]. 

9.1.3 SEM Microstructure and Grain Size Determination 

SEM images of the coated IAD thin films are shown in the following Figure 108. The average 

grain size on each film was calculated on the basis of different values obtained from each of these 

images. 
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TiO2 

Av. Grain Size: 50.07 nm 
TiO2+Au 

Av. Grain Size: 35.01 nm 

 
TiO2+Ag  

Av. Grain Size: 66.01 nm 

Figure 108. SEM results of different kinds of coated substrates. 

The presence of silver and gold via the EDX investigations (Figure 109) are observed. Figure 108 

shows that the crystallites of TiO2 are arranged in different geometric agglomerates. Two 

classifications can be made on the basis of these images, the first being TiO2+Ag, TiO2+Au and 

TiO2, which show clusters existing in irregular forms with edges. TiO2 has been used as 

a reference for the grouping of samples, and it is evident that TiO2+Au and TiO2+Ag show the 

average grain size of over 30 nm. The highest average grain size was observed on the TiO2+Ag 

sample. When examined alongside the images in Figure 108 shows that the samples containing 

clusters in an irregular form and with edges have a higher grains size. 
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Figure 109. EDX results for a doping with Au and Ag. Left: TiO2+Au : wt (%): O: 35.6; Ti: 54.97 at 

(%): O: 60,63; Ti: 31.26. Right: TiO2+Ag wt (%): O: 35.63; Ti: 56.13; at (%): O: 62.25; Ti: 32.76. 

The photonic efficiency is directly proportional to the average grain size in that it improves as the 

average grain size increases. As the particles remain in the reactor for the entire deposition time, 

the grain size of these deposited multiphase particles continue their increase.  

In addition, the model proposed by Edelson and Glaeser declares that the intra agglomerate 

densification and grain growth rate both occur more promptly than the interagglomerate 

densification [2]. More research is needed to investigate this process’s mechanism. 
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9.2 Coating Potential on Laboratory Equipment (Scales) 

During the optimization phase of this research, the results of the experiments establish the use of 

this technology on visible-light-exposed surfaces, shown in Chapter 8, hint at the potential use in 

laboratory equipment, especially scales and balances.  

The presentation of the first doped coating results may be used to market this technology. The 

highlight of these experiments was the use of Vis-coating processes for optimized photoactivity, 

optical quality, and morphological analysis, such as contact angle tests. Figure 110 shows coated 

components of a scale used in laboratories. 

 

 

Material Component 
Layer  

System 

Standard Glass 
panes 

Wind Screen ITO  
and doped 

TiO2 

Glass panes with 
ITO 

Wind Screen doped 
TiO2 

Glass panes 
assemblage ITO 

Wind Screen doped 
TiO2 

Stainless steel Balance weight doped 
TiO2 

Lacquered 
Aluminum 

Screening 
shield 

ITO  
and TiO2 

 

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 color impression of the coatings, done to finalize 

the best coating design, according to the final coating color as managed by the manufacturing 

procedure, are shown in Figure 111. 
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Figure 111. Optimized TiO2 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 basic research results have already been in use since 

the end of 2010. The prototype of this laboratory scale application is present within the marketing 

division of Sartorius AG, aiming to collaborate it with the customer´s suggestions and wishes.  
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10. General Conclusions 

The focus of this research was to produce titania films which are as well highly optically 

transparent as photocatalytic active; thus the material was designed by surface and structure 

modification. The TiO2 layers used in this thesis were deposited using the PVD method with an 

implemented ion assisted coating (IAD) process. The Balzers BAK 760 and SYRUSpro 1100 

machines were used with Denton CC-105 and APSpro ion-sources respectively. It is possible to 

produce compact and homogeneous coatings of enhanced refractive index that also have reduced 

water adsorption and optical absorption. Different parameters were operated in the deposition and 

characterization stages, with the deposition process carried out with and without ion assistance, 

and the characterization process conducted using a UV-Vis Spectrophotometer, a photocatalytic 

measurement system, SEM, EDX, XRD, contact angle measurement, AFM, and TEM. 

The first goal was to investigate the effect of structural properties of TiO2 thin films. The XRD 

results of the tested samples did not show amorphous structures on the analyzed surface. A high 

diffraction reflex of (004) indicating a preferential crystal orientation and particle diameters of 5 

to 10 nm were found for TiO2 thin films that were produced using the IAD method, with the X-

ray diffraction also showing a high anatase portion. The TiO2 samples also showed 95% 

crystallinity when analyzed with TEM, and displayed a correlation between the intensities of 

Raman signals for anatase and rutile phases, indicating differences in the microstructure, and the 

deposition process. There is a strong correlation between the characteristics of the thin films and 

the ion-source current parameters. For example, with an increase in the ion-source current the 

crystallite size also increases. 

The contact angle of a water droplet on the TiO2 thin films under an ambient condition in air 

atmosphere was measured to evaluate the level of hydrophilicity, with the results showing that the 

contact angle increases as the ion-source current is reduced, and vice versa. An additional factor 

that increased the contact angle of water droplets was the annealing process, which made the 

surface of the thin films rougher. Additionally, the thin films became super-hydrophilic when 

exposed to UV light. 

All the deposition processes are characterized by a layer adhesion test, a moderate abrasion test, 

a solubility test and a severe abrasion test. All IAD films show nearly perfect mechanical stability. 

It was shown in all of the abrasion tests that no scratches on coated glasses were formed on the 

thin films, and the solubility test confirmed that the layers were not detached from the surface. 

The severe abrasion test, however, shows surface scratches for PMMA. The influence of SiO2 as a 

basic layer directly on PMMA should inhibit the presence of these deformities. 
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A second goal of this study was to improve the optical properties of the TiO2 thin films according 

to their mentioned structural properties.  

Thin films prepared using IAD processes possess already high refractive indexes. More energy 

from ion bombardment further supports the formation of even more compact structures and more 

uniform layers, consequently, resulting in an even higher refractive index. The tests conducted to 

measure the transmission spectra of the optical films within the visible and IR range indicated that 

a difference in oxygen flow has little-to-no impact on the optical quality of the films. This is 

especially true at higher temperatures. Optimized results for the refractive index at 550 nm can be 

gained with a value of  2.75 for a sample coated via IAD with Process V, at 350 °C, 4 A and 30 

sccm. At cold, 50 °C, and hot, 350 °C, temperature levels, the refractive index goes to 2.51 and 

2.55 respectively. Tests showed that the refractive index of the films coated with 25 and 30 sccm 

oxygen flow at 50 °C to 60 °C remains constant, and is independent as to their thickness.  

A third goal of this thesis was to develop a reliable procedure for testing the photocatalytic 

activity of the thin films. The photocatalytic activity research carried out has provided the 

following points: 

� Using SYRUSpro 1100 and the ion-source APSpro in the deposition process, a bias of 

60 V resulted in best photoactivity. 

� The films prepared using BAK 760 and Denton CC-105 showed a photodecomposition 

rate of methylene blue 1.8 times higher than commercially available products promising 

self-cleaning ability, and 36 times higher than uncoated substrates. 

� A TiO2 film thickness variation in the range up to 150 nm resulted in only negligible 

differences in the photonic or photocatalytic efficiency. However, thicknesses between 

200 nm to 550 nm, and higher than 600 nm lead to a large increase and constant change in 

photocatalytic efficiency, respectively. 

Considering the importance of microbial tests, Sarcina Lutea as Gram-positive has been used. 

The microbial evaluation was carried out by Sarcinia Lutea in 7 hours with a distinct 5-6-log 

reduction of the cell count showed high inactivation of microorganisms on titania thin films 

deposited with PVD-IAD proving the high antimicrobial efficiency of the obtained films. Increase 

of the deposition temperature to 350 °C has no influence on this efficiency. 

Finally, the work carried out can be considered as a good starting point for further development of 

highly transparent but nevertheless photocatalytically active TiO2 films due to the improvements 

made. The study provides the following achievements: 
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� The PVD-IAD method can achieve more compact and homogeneous coatings than PVD 

alone. The coatings provide an enhanced refractive index, high mechanical stability, 

reduced water adsorption, and low optical absorption in the visible range. 

� PVD-IAD enables coating of polymers with TiO2 films inducing a self-cleaning effect 

being potentially useful for countless daily and sophisticated products.  

� The results of this thesis can be developed for use in lasers. The central problem is the 

contamination induces damage in high power UV-lasers, which decreases the laser’s 

power. The development idea is to use a coating of aluminium laser housing via the IAD 

photocatalytic coating process. A silica buffer layer can be added between the metal 

surface and the titania layer to enhance the oxidation efficiency of the hydrocarbons on 

the sample surface.  

The goals mentioned in the Chapter Introduction have been achieved, producing important results 

in the field of photocatalysis and coating technology. The ion-beam assisted process is an optimal 

candidate for many different applications involving easy-to-clean surfaces, the microelectronic 

industry, and in laboratory equipment, for example scales. The microstructure and optical 

properties of the TiO2 films make them a good choice in precision optics: medical glasses, precise 

photo objects, touch screens for mobile phones, computers and tablets, and other potential 

displays. The self-cleaning and the anti-bacterial functions are based on photo-induced 

decomposition without the use of chemicals, demonstrating that TiO2-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 conducted in the following manner. First, the cooling pump 

was opened to check the parameters, which were set as follows: water was held at 6 bar, volume 

flow meter at 50 l/min, oil valve ‘in’ at 7 bar, oil valve ‘out’ at 2 bar, coating machine ‘in’ 

between 4 to 6 bar, and plant ‘out’ at 2.5 bar. After that, the main apparatus, Balzers BAK 760, 

was switched on and left for 20 to 30 minutes to achieve suitable vacuum level. When the vacuum 

and water reached the appropriate level, the ‘vent’ button of the machine was pressed to open the 

apparatus. The apparatus door took 30 to 40 minutes to open, which positively affected the 

decrease of the substrate temperature and the particle contamination inside the chamber. During 

this 30 to 40 minute period, the glass substrates, in this case Suprasil and Menzel substrates were 

chosen and cleaned manually with acetone and isopropanol, or mechanically using an ultrasonic 

automatic plant. The quality of cleaning was controlled by light-microscopy. Tungsten, rolled and 

placed in ion-source apparatus, was used as a filament. After all the materials were placed as 

mentioned above, the doorframe of Balzers BAK 760 was cleaned with isopropanol and closed. 

After this, the vacuum and pressure were set at 0.001 mbar, and log. Lin. Ion gauge at 0.00005 

mbar.   

Info Appendix 2. Resistance of neutralizer 

The ion-source neutralizer can be expressed in the following equation, considering R as its 

resistance: 

� [ ´		·	 µ~ Eq. App. 30 

In this equation, l is the length which was kept at 13 cm, density is represented by ρ. Both factors 

were kept constant due to which the resistance also remained constant, hence (U= I. R). If the 

potential, represented as U, is increased, current, represented as V, would also increase. However, 

if the discharge current is increased considerably, the tungsten 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 frequency of a piezoelectric crystal to the mass, the 

XTC controller used the Sauerbrey equation:  

∆c [ 	 82∆vco�~�´¶·¶ [ 8 2co�~�´¶·¶ 	∆v Eq. App. 31 

where ∆f: Frequency Change (Hz); ∆m: Mass Change; f0 : Resonant Frequency; 

A: Piezoelectrically Crystal Area between electrodes (cm2); ρq : Density of quartz, and µq: Shear 

Modulus of quartz. 

Another factor considered in the sensor was the stability, which manages permissible increase in 

the frequency between the Sensor measurements taken before crystal failure and after initiation of 

automatic crystal switch. Additionally, three parameters were entered in the source, that of 

‘Control Gain’, representing change in the percentage of Power for a given rate deviation, 

‘Density’, which depended on the substrate being used, and ‘Z-Ratio’, which defined the 

correlation between mass loading on the crystal and coating thickness.  

The Thin Film Deposition Controllers of XTC contain Mode-Lock, which is a measurement 

system of INFICON and is based on oscillator technology. It has the ability to control the 

thickness of the films more accurately compared with conventional methods used for this purpose. 

Along with precision, it also has a quicker response time. With XTC, it is possible to have closed-

loop monitoring and control of different deposition layers.  

Moreover, a thickness accuracy of 1% can be achieved with a 0.06 Angstrom resolution. It is used 

with INFICON Rate-Watcher feature, which provides a long-term rate control for in-line or load-

locked sputtering processes or for thermal evaporation from a resistive source. 

Info Appendix 4. External photoactivity measurement tests 

The actual processes used were presented at the DIN Group on Photocatalysis, and were approved 

as being compliant with the DIN 52980 standard. A presentation made was focused on a 

comparison between stearic acid methods used at the Institute of Surface Technology (IST) and 

LZH, which resulted in a possibility of new standard for ‘luminescence degradation’  
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Info Appendix 5. Microbiological assessment in two parts: sample preparation and 

photocatalytic preparation (IGB, Stuttgart) 

Part One 

 

Part Two 
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12.1.2 Additional Figures 

In Figure Appendix I, optimization of the automated measuring technique is symbolically 

illustrated to determine the photocatalytic activity on the surfaces. It clarifies that, apart from the 

measurement of the photocatalytic effects, additional functions can also be altered, such as 

temperature regulation, on-line incident lighting time, and measurement of the air humidity. 

 

Figure Appendix I. A visualization of the C++ program used to determine the photocatalytic 

activity. 

Figure Appendix II visualizes the surface in the context of the optimization phase of the compiled 

C++ software, which was based on the platform developed at the Laser Components department 

of LZH.  

The example shows an analysis of internal and external samples in order to compare the photonic 

efficiency on the basis of methylene blue, the concentration of which was determined with the 

help of spectrophotometers.  
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Figure Appendix II. Screen capture of the software created to calculate the photocatalytic activity. 

 

The luminescence degradation direct method is highly sensitive and reproducible. It represents an 

encouraging option to be exposed in standardization exploit in photocatalysis. 

 

 
 
 

 

Figure Appendix  III. Left: Delineation of the Weissman effect. 1.) Light absorption by the organic 

ligands, 2.) Energy transfer to the europium(III) cation, 3.) Main emission at 615 nm. Right: 

Luminescent europium (III) complex (terpy)Eu(hfac)3 
[244]

. 

 

The XRD results of samples of different process variants 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 are shown in the graph of Figure Appendix IV and, 

with the red, blue, green and black curves representing (1) IAD using CC-104, (2) IAD using CC-

105 at high temperature, (3) IAD using CC-105 at a cold temperature, 50 °C to 60 °C, and (4) 

simple IAD using APS, respectively. These different process results show that IAD using CC-104 

has a high anatase reflection on the reflex at 2 Theta (2θ) 25° and 38°, and a lower reflex on 

anatase (110) at 2θ 55°. The IAD process with CC-105 at cold process temperature leads to a 

medium level of photoactivity, and is represented in Figure Appendix IV by reflexes at 38°, 54° 

and 55°.  

Deposition of films using SYRUSpro 1100 with APS resulted in an absence of anatase and rutile 

phases, but with an amorphous microstructure, and a lower level of photoactivity when compared 

to the above processes. The highest intensity of anatase reflexes, represented in the graph with 

reflexes at 2 θ 25 (001), and 55° (411), were observed on films deposited using the IAD process at 

approximately 250 °C with CC-105. It is only in the case of IAD that the reflex point reaches 39°, 

which represents high photoactivity.  

It was revealed that using the vacuum evaporation method with Denton CC-105 resulted in the 

effective controlling of the structural characteristics of TiO2 layers, and also that different crystal 

modifications influenced certain coating parameters. 

A(101) 

A(103) 

A(112 A(200) A(211) A(004) 
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cold, 30 sccm, 1.5 A, 500 nm cold, 20 sccm, 2 A, 90 nm 250 °C, 30 sccm, 1.5 A, 300 nm 

Max Heigh: 1.94  
Roughness: 0.48 

Max Heigh: 1.16 
Roughness: 0.30 

Max Heigh: 2.42 
Roughness: 0.51 

   
conv. cold, 300 nm conv. cold, 60 nm 250 °C, 40 sccm, 1.5 A, 300 nm 

Max Heigh: 1.97  
Roughness: 0.39 

Max Heigh: 1.77  
Roughness: 0.36 

Max Heigh: 4.21 
Roughness: 0.84 

   
cold, 40 sccm, 1.5 A 250 °C, 40 sccm, 2 A 250 °C, 30 sccm, 2 A 

Max Heigh: 2.18 
Roughness: 0.35 

Max Heigh: 6.55 
Roughness: 1.22 

Max Heigh: 7.35  
Roughness: 1.58 

   
cold, 40 sccm, 2 A cold, 40 sccm, 2 A 250 °C, 40 sccm, 2 A 

Max Heigh: 2.12  
Roughness: 0.41 

Max Heigh: 1.48  
Roughness: 0.28 

Max Heigh: 6.87  
Roughness: 1.57 

Figure Appendix V (a). ´Section analysis´ study on the titania AFM images. 
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cold, 20 sccm, 1.5 A cold, 30 sccm, 2 A uncoated substrate 

Max Heigh: 1.21  
Roughness: 0.31 

Max Heigh: 1.29  
Roughness: 0.24 

Max Heigh: 1.13  
Roughness: 0.21 

Figure Appendix V (b). ´Section analysis´ study on the titania AFM images.  

 

 
Sand erosion test 

 
Moderate abrasion 

 

 
Severe abrasion resistance 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. 

 

  
 

150 nm 300 nm 500 nm 

  

 

700 nm 900 nm  

Figure Appendix VIII. Band gap for different coating thicknesses. 

 

 

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 - 0.5 A  
XTC Controller-  
Tooling Factor 

80 - 120 % 

Calotte Heater 
(=Process temperature)  

Cold - 350 °C  Crucible Control Speed 6 rpm 

High Vacuum 0.001 mbar  TiO2 Ion-Beam Focus 0 - 0.8 A 

Log-linear Ion Gauge 0.00005 mbar  
Emission 
Current 

Plant 0.1 - 0.50 A 

Ion-Beam 22-30 A 

O2 Valve Control Unit 0.0003 mbar  Plasma Etching  

O2 gas 20-40 sccm*  

Heater Cold – 350 °C 

Time 5 - 30 min 

Coating Thickness 10 - 1000 nm  Electrical Connections 130 - 260 V 

Coating Rate 
TiO2 0.15 nm/s 

 Cleaning, Preconditioning 
Chemical 

SiO2 0.35 nm/s Mechanical 

Ion-Source Properties 

Neutralizer Wire Tungsten  O2 Ion-Source Flow 20 - 40 sccm* 

Neutralizer 
Power 

Voltage 8 - 15 V 
 Filament 

Voltage 9 - 13 V 

Current 25 - 33 A Current 22 - 30 A 

Energy of 
gaseous ions  

up to  
300 eV 

Single 
phase:  
50 Hz 

 Ion-Source 
Process 

Bias Voltage 160 - 280 V 

Filament Diameter  0.020”   Current  1 - 5 A 

Magnets 
Hicorex 
Cobalt 

0.5” d. x 
0.19” 

 Size 
Diameter: 9 cm 
Length: 17.5 cm 

Cathode Body of the Ion-Source 
 

Water-
Cooling 

15 - 26 °C 

 
Discharge 
Voltage 

Power Supply Unit  50 - 800 V DC 

*[1sccm= 0.01646 mbar⋅l/s] 

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 
Std. Dev.:  0.207 

Opti. Mean:  1.00 e-08 
Opti. std. Dev.: 8.59e-12 

Opti. Median:  1.00e-08 
Iterrations:  38.0 

 

Mean:   0.0478 
Std. Dev.:  0.687 

Opti. Mean:  1.81 e-04  
Opti. std. Dev.: 2.17e-05 

Opti. Median:  1.80e-04 
Iterrations:  33.0 

 

Mean:   0.356 
Std. Dev.:  1.85 

Opti. Mean:  3.04 e-04 
Opti. std. Dev.: 3.72e-05 

Opti. Median:  3.08e-04 
Iterrations:  9.00 
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12.2 Symbols and Abbreviations 

Abbreviation Meaning 
AFM atomic force microscopy 
Ar argon 
AC alternative current 
CAM  contact angle measurement 
CB conduction band 
CVD chemical vapor deposition 
DC direct current 
DIN  Deutsches Institut für Normung e.V. 
e–   electron formed upon illumination of a semiconductor 
E energy 
E0 standard redox potential 
Eg band gap energy 
et al. Latin: et alii (English: and others) 
Ebg   band gap energy 
Ec conduction band edge 
EDX energy-dispersive analysis by x-rays 
EF Fermi level 
eV electron volts 
h hour 
h+ hole formed upon illumination of a semiconductor 
hν incident photon energy: energy of light 
I intensity of light 
IAD  ion assisted deposition 
IBICVD ion-beam induced chemical vapor deposition 
IBS ion-beam sputtering 
IR infrared 
ISO International Organization for Standardization 
k reaction rate constant 
MB methylene blue 
mL milliliter 
mol mole 
nm nanometer 
O2

•- superoxide ion radical 
OH• hydroxyl radical 
PECVD  plasma-enhanced chemical vapor deposition 
ppm part per million 
PVD  physical vapor deposition 
sccm standard cubic centimeters per minute 
SEM  scanning electron microscopy 
T temperature 
TEM transmission electron microscopy 
UV ultraviolet light 
VB valence band 
Vis visible light 
XRD X-ray diffraction analysis 
λ wavelength 
ξ photonic efficiency 
µL/ µmol microliter/ micromol 
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