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Abstract 
 
Photocatalytic TiO2 thin films can be highly useful in many environments and 
applications. They can be used as self-cleaning coatings on top of glass, tiles and steel to 
reduce the amount of fouling on these surfaces. Photocatalytic TiO2 surfaces have 
antimicrobial properties making them potentially useful in hospitals, bathrooms and many 
other places where microbes may cause problems. TiO2 photocatalysts can also be used to 
clean contaminated water and air. Photocatalytic oxidation and reduction reactions 
proceed on TiO2 surfaces under irradiation of UV light meaning that sunlight and even 
normal indoor lighting can be utilized. In order to improve the photocatalytic properties of 
TiO2 materials even further, various modification methods have been explored. Doping 
with elements such as nitrogen, sulfur and fluorine, and preparation of different kinds of 
composites are typical approaches that have been employed. Photocatalytic TiO2 
nanotubes and other nanostructures are gaining interest as well.  
 
Atomic Layer Deposition (ALD) is a chemical gas phase thin film deposition method with 
strong roots in Finland. This unique modification of the common Chemical Vapor 
Deposition (CVD) method is based on alternate supply of precursor vapors to the substrate 
which forces the film growth reactions to proceed only on the surface in a highly 
controlled manner. ALD gives easy and accurate film thickness control, excellent large 
area uniformity and unparalleled conformality on complex shaped substrates. These 
characteristics have recently led to several breakthroughs in microelectronics, 
nanotechnology and many other areas.  
 
In this work, the utilization of ALD to prepare photocatalytic TiO2 thin films was studied 
in detail. Undoped as well as nitrogen, sulfur and fluorine doped TiO2 thin  films  were  
prepared and thoroughly characterized. ALD prepared undoped TiO2 films were shown to 
exhibit good photocatalytic activities. Of the studied dopants, sulfur and fluorine were 
identified as much better choices than nitrogen. Nanostructured TiO2 photocatalysts were 
prepared through template directed deposition on various complex shaped substrates by 
exploiting the good qualities of ALD. A clear enhancement in the photocatalytic activity 
was achieved with these nanostructures. 
 
Several new ALD processes were also developed in this work. TiO2 processes based on 
two new titanium precursors, Ti(OMe)4 and TiF4, were shown to exhibit saturative ALD-
type  of  growth  when water  was  used  as  the  other  precursor.  In  addition,  TiS2 thin films 
were prepared for the first time by ALD using TiCl4 and  H2S as  precursors.  Ti1-xNbxOy 
and Ti1-xTaxOy transparent conducting oxide films were prepared successfully by ALD 
and post-deposition annealing. Highly unusual, explosive crystallization behaviour 
occurred in these mixed oxides which resulted in anatase crystals with lateral dimensions 
over 1000 times the film thickness. 
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1 Introduction 
Thin films are material layers ranging in thickness from one monolayer of atoms or 
molecules to several micrometers. The upper thickness limit is somewhat vague but 
usually thin film thicknesses are in the nanometre range, i.e. below 1 µm. Thin films are 
all around us in everyday life. For example, all modern electronic devices rely on thin film 
technologies that allow the preparation of integrated circuits where a huge number of 
transistors or other devices are prepared simultaneously on a single silicon wafer. Thin 
films are used in optical components such as eyeglasses, camera lenses and filters to give 
scratch-proof and anti-reflection properties for example. Flat panel displays, mirrors, 
windows, CDs and DVDs are other examples which contain thin films. 
 
As part of the recent ‘nanoboom’ functional thin films in the nanometre range are often 
connected with nanotechnology although no real nanoscale phenomenon exists. 
Nevertheless, thin films are increasingly being applied to all sorts of new applications and 
the existence of a nanoscale effect is not really that important as long as the film has all 
the desired properties. One of these new application areas is photocatalysis which is the 
main topic of this thesis.  
 
Photocatalysis is the catalysis of a spontaneous chemical reaction where light is required 
for the catalyst to function. A photocatalyst can transform light energy into chemical 
energy by creating strong oxidative and reductive species which greatly enhance the rate 
of the spontaneous reaction. During this transformation the photocatalyst itself remains 
unchanged. Photocatalysts are heterogenous catalysts usually in the form of a powder or a 
thin film. Studies related to photocatalysis have increased immensely over the past few 
years and currently well over 1000 research papers are published annually.[1]   
 
Photocatalytic materials have raised a lot of attention lately in application areas such as air 
and water purification and sterilization. Also, photocatalytic self-cleaning windows, tiles 
and building materials are currently used in many locations to tackle various fouling and 
pollution related problems. Titanium dioxide (TiO2) is usually the material of choice for 
photocatalytic applications because it has been frequently found to possess the best 
activity and stability when compared to other materials. TiO2 has also the ability to turn 
superhydrophilic when irradiated. Thus, water will easily wash out any accumulated dirt 
from the film surface, thereby adding to TiO2 a second self-cleaning functionality.  
 
TiO2 has  also  some  limitations  the  biggest  one  being  the  fact  that  it  requires  UV  
irradiation to function as a photocatalyst. The band gap of anatase TiO2 is 3.2 eV ( = 388 
nm) which makes the utilization of solar and indoor light very inefficient for 
photocatalysis because only a few percent of the available radiation can be used. Doping 
TiO2 with additional elements or creating composite photocatalysts are common solutions 
to increase the absorbance of visible light but care should be taken not to destroy the good 
qualities of TiO2 in the process.  
 
In photocatalytic water and air purification applications high reactive surface area is 
crucial for the optimum performance. When maximizing the surface area many aspects 
have to be considered. The diffusion of reactants in and out of the surface region should be 
fast. Because light is required for the photocatalytic reactions the geometry should be such 
that light is able to reach the available surface area as well as possible. Powdered 
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photocatalysts do have high surface areas and hence good activities but their separation 
after a water purification process is time consuming and poses a problem. For this reason 
immobilized photocatalysts with high surface areas have been sought by introducing 
materials with nanoscale geometries. Thin film deposition methods can be used to prepare 
nanostructured photocatalysts but due to large surface areas and complex three-
dimensional structures involved highly conformal film growth is required.  
 
Atomic layer deposition (ALD) is a chemical gas phase thin film deposition method where 
the precursor vapours are pulsed into the reactor alternately one at a time.[2-7] During 
each precursor pulse, the gas reacts only with surface species and a (sub)monolayer of the 
desired material is formed. After each pulse excess precursors and by-products are 
removed by purging with an inert gas. Under these conditions film growth is self-limiting. 
This unique growth mechanism gives accurate control of film thickness and composition 
and enables the deposition of conformal, high-quality thin films over large areas and on 
complex-shaped and porous substrates. These characteristics make ALD the perfect tool 
for the preparation of different kinds of undoped and doped TiO2 films and nanostructures 
for photocatalysis. 
 
This  thesis  gives  a  short  literature  survey  on  TiO2 photocatalysis. Previous work on 
different ALD processes for depositing TiO2 thin films is also briefly reviewed. The 
experimental part describes new processes for depositing undoped as well as nitrogen, 
sulfur and fluorine doped TiO2 thin films by ALD for photocatalysis.[I-IV] As a side 
product from the S doping studies, TiS2 thin  films  were  prepared  by  ALD  for  the  first  
time.[V] Nanostructured TiO2 photocatalysts  were  also  prepared  by  exploiting  the  
capability of ALD to grow conformal films on high surface area substrates.[VI-VIII] All 
the photocatalysts prepared were characterized in detail and their photocatalytic activities 
were examined using well known photocatalytic reactions. Photocatalytic antimicrobial 
properties of two select ALD TiO2 samples were also investigated.[IX] In addition to the 
photocatalyst studies the ALD of Ti1-xNbxOy and Ti1-xTaxOy mixed oxides was explored 
where the main goal was to prepare transparent conducting oxides (TCOs) but which also 
showed highly interesting explosive crystallization behavior.[X] 
 

2 Background 

2.1 Atomic Layer Deposition 
Atomic layer deposition (ALD)[2-7] can be regarded as a special modification of the 
chemical vapor deposition (CVD)[8] method. In CVD the film growth proceeds often 
through decomposition reactions of the gaseous precursor molecules. For example, TiO2 
thin films can be grown by CVD using titanium isopropoxide (Ti(OiPr)4) as the 
precursor.[9] When (Ti(OiPr)4) vapor is led over the substrate at temperatures above 200 
°C  a  TiO2 film grows on the substrate through self-decomposition of the precursor. 
Metallic titanium, on the other hand, can be grown from TiI4 which decomposes at 1200 
°C forming Ti and gaseous I2.[8] Various materials can be grown by CVD by choosing 
proper precursor/temperature combinations and the use of multiple precursors is also 
common. Incorporation of impurities in the films can be a serious issue when using 
decomposition CVD. ALD processes, on the other hand, are run below the decomposition 
temperatures of the precursors. 
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CVD can also be applied below the self-decomposition temperature in which case two or 
more precursors are led simultaneously over the substrate. This is usually more difficult as 
compared to self-decomposition CVD and places strict requirements on the reactivities of 
the two precursors. They have to be reactive enough so that the film will grow but not too 
reactive in which case the gas phase reactions would start to dominate resulting in powder 
formation. In ALD, on the other hand, these obstacles are circumvented by separating the 
precursor flows temporally so that the substrate is exposed to only one precursor vapor at 
a time (Figure 1). The film growth reactions occur only on the surface between one 
precursor  vapor  and  a  (sub)monolayer  of  the  other  precursor  left  adsorbed  from  the  
previous exposure. After all the reactive groups are consumed no more reactions take 
place and the surface becomes covered again with a (sub)monolayer, but now of the 
second precursor. After this the next precursor can be introduced and again reactions 
proceed only on the surface. Gases such as O2,  O3 and H2 and different types of plasma 
can also be used as reactants to oxidize or reduce precursor compounds. In addition, ALD 
processes based on only one precursor alternated by optical decomposition of surface 
species have been described. Inert gas, such as N2, is typically used to purge out all gas 
phase species between the precursor and reactant exposures.  
 

 
 
Figure 1. Schematic of one ALD cycle in the growth of TiO2 from TiCl4 and  H2O. 
Reprinted from [3], Copyright (2002), with permission from Elsevier. 
 
The precursor requirements in ALD are different from those of CVD. The precursors 
should be as reactive as possible because there is no danger of powder formation through 
gas phase reactions. When the precursors are highly reactive, a lower amount of impurities 
is  also  expected  due  to  clean  and  efficient  chemical  reactions.  A  second  requirement  is  
that in ALD the growth temperature should be below the self-decomposition temperature 
of the precursors because only then the self-limiting saturative growth is possible. Because 
the film growth reactions are saturative, the deposited films are highly conformal and 
pinhole free. This means that the film thickness is the same on all areas of the substrate, 
even if it is porous or otherwise three-dimensionally structured, as long as the saturated 
growth is maintained.  
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The growth rate in ALD is typically characterized as the increase in film thickness in one 
complete ALD cycle. An ideal monolayer by monolayer growth is rarely seen because of 
steric hindrance of the precursor ligands. Growth rates are usually below 2 Å/cycle, but 
higher growth rates have been reported in a few special cases. The duration of one ALD 
cycle depends strongly on the reaction kinetics, temperature and reactor and substrate 
geometry. Typically in research scale reactors a few seconds are required for the full ALD 
cycle  but  in  optimized  conditions  cycle  times  as  short  as  1  s  are  possible.  On  the  other  
hand, when the deposition temperature is low and the substrate surface area high, cycle 
times of several minutes are sometimes required. Especially when using water as a 
precursor at a low temperature, the purging periods must be long, even tens of seconds.  
 
Ideally, the film thickness is dictated by the number of ALD cycles and a linear 
relationship between the two is obtained. This is usually not the case with very thin films, 
however, and a noticeable incubation period can often be observed where the growth rate 
is considerably lower. This is caused by the chemical differences of the substrate material 
and the growing film. Typically, only after a continuous film has been formed and the film 
material grows on itself, the linear growth regime is reached. For example, when growing 
noble metals on oxides, the nucleation is poor and a long incubation period is typical.  
 
Many factors affect the overall growth rate in ALD. Adsorption and desorption as well as 
reaction kinetics play a key role. The size and amount of ligands in the metal precursor 
can limit the maximum possible adsorption density through steric effects. Thermal 
decomposition or condensation of the precursor can increase the growth rate but should be 
avoided because they violate the self-limiting growth behavior. All these effects are often 
dependent on the temperature but in some cases a temperature region can be found where 
the growth rate is independent of temperature. This region known as the ‘ALD-window’ 
can be observed in some processes and is usually regarded as the ideal process 
temperature. However, the absence of a clear ALD-window does not necessarily indicate 
that the process in question would not be self-limiting. The most important criteria for 
ALD growth is that the growth rate should saturate to a constant level when the precursor 
pulse lengths are increased. 
 
Due to its characteristic layer by layer growth mechanism the effective growth rates 
(thickness increment per time unit) in ALD are typically low when compared to other 
deposition methods. A slower process usually means higher costs and therefore ALD is 
not always in industrial applications the best choice. The unique growth mechanism, 
however, makes ALD the most conformal and reproducible deposition method there is, 
and in many cases it is also the only one which can be used. Because of the good thickness 
uniformity, batch processing can increase the throughput considerably. Applications for 
ALD are constantly increasing due to the aggressive downscaling of microelectronic 
components where the traditional deposition methods, like sputtering, are reaching their 
capability limits. ALD was first used on an industrial scale in the production of 
electroluminescent (EL) flat panel displays.[5-7] More recently, a number of other 
industrial applications have emerged, especially in the semiconductor industry.[6,7]  
 
The simplest ALD processes are binary processes, the materials being typically inorganic 
materials like oxides, nitrides, chalcogenides and noble metals. Multicomponent materials 
can be deposited as well, good examples being Ba1-xSrxTiO3 [10], SrBi2Ta2O9 [11]  and  
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Ge2Sb2Te5 [12]. Lately, processes for organic films have also gained some interest in 
which case the term molecular layer deposition (MLD) is preferred.[13] 
 

2.2 Titanium Dioxide 
TiO2 is found in nature as the three minerals rutile, anatase and brookite, and also as a 
constituent in ilmenite (FeTiO3), perovskite (CaTiO3) and titanite (CaTiSiO5). TiO2 is 
chemically and mechanically very stable. It has a melting point of 1855 °C and is 
insoluble in water, HCl, HNO3 and dilute H2SO4. It can be dissolved in hot concentrated 
H2SO4 and HF.[14] The extent of solubility depends on the specific structure rutile being 
less soluble than anatase. TiO2 can be prepared from its crude ore by first reducing 
titanium with carbon and reacting with chlorine at high temperatures to yield TiCl4. Liquid 
TiCl4 can be purified by distillation and further reacted with oxygen to yield pure TiO2. 
TiO2 can be also separated from ilmenite by the sulfate process. The ore is dissolved in 
sulfuric acid where iron(II) sulfate crystallizes and is filtered off. The remaining titanium 
salt can then be further processed to give pure TiO2. TiO2 is nontoxic and bio-compatible 
making it a suitable material for various implants. It is used in many consumer products 
such as toothpaste, lipstick, paints, food additives and pharmaceuticals.[15-17] 
 

2.2.1 Crystal structure 
TiO2 usually crystallizes in one of the three major crystal structures; antase, rutile and 
brookite.[18-20] Brookite is rarer and much more difficult to prepare. From the 
application perspective anatase and rutile are therefore by far the most important structures 
and their properties have been studied much more than those of brookite. The basic 
building block of anatase and rutile is a distorted TiO6 octahedron. In both structures two 
opposite Ti-O bonds are slightly longer than the other four. The TiO6 octahedra are more 
distorted in anatase which results in differences in the TiO6 octahedra stacking 
arrangements in the two structures. As a consequence, the crystal faces with the lowest 
energy are (110) and (100) for rutile and (101) and (001) for anatase. These crystal faces 
are thus the most common for polycrystalline samples and understanding their surface 
chemistry is important.[17] 
 
Various oxygen deficient TiO2 crystal structures referred to as the Magnéli phases (TinO2n-

1) also exist.[21] In these compounds ordered oxygen vacancies lead to formation of 
planes where instead of corner-shared or edge-shared TiO6 octahedra, there are face-
shared octahedra. As a result, the Ti cations can interact electronically which gives rise to 
increased electrical conductivity in these materials. 
 
A high-pressure phase of TiO2, which has the cotunnite structure, is one of the hardest 
known oxides.[22] A sample prepared at high temperature and pressure and quenched in 
liquid nitrogen had a hardness of 38 GPa making it harder than cubic boron nitride for 
example. Cotunnite type TiO2 is not stable at room temperature, however. 
 

2.2.2 Electrical and optical properties 
Anatase and rutile TiO2 are n-type semiconductors with band gaps of 3.2 and 3.0 eV, 
respectively.[23] The conductivity of TiO2 is dependent on the oxygen deficiency through 
creation of defects such as oxygen vacancies, Ti3+ and Ti4+ interstitials and 
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crystallographic shear planes (CSP).[17] Oxygen deficiency is easily created in TiO2, 
especially when the preparation is done in vacuum. The amount of oxygen deficiency and 
thus the conductivity can also be adjusted after preparation by heat treatment in oxygen-
rich or reducing atmospheres. The nature and amount of other impurities can also largely 
affect the electrical properties of TiO2. Hydrogen impurities for example can increase the 
electrical conductivity.[24-26] Impurities can be incorporated intentionally or they can be 
residues  from  the  preparation  process.  Thus  the  electrical  properties  of  TiO2 depend 
strongly on the preparation method and sample history.[17] Various molecules can cause a 
measurable change in the conductivity when they interact with the TiO2 surface. For this 
reason TiO2 has been studied for various gas sensing applications.[27-30] 
 
The dielectric constant (k) of TiO2 is 40 for anatase and 86-170 (depending on crystal 
orientation) for rutile.[17,31,32] TiO2 has therefore been studied as a high-k insulator for 
metal-oxide-semiconductor field-effect transistors (MOSFET) and dynamic random 
access memories (DRAM).[33-36] The biggest limitation for the use of TiO2 as an 
insulator is the high leakage caused by its relatively small band gap and n-type 
conductivity.  Especially  the  easy  creation  of  oxygen  deficiency  contributes  to  the  
increased conductivity. Various solutions for decreasing the leakage currents in TiO2 thin 
films have been attempted. These include the passivation of grain boundaries by fluoride 
[37,38], using high O3 concentrations during preparation [34], doping with Al [39] and 
deposition of nanolaminates [40-42], for example. On the other hand, the oxygen 
vacancies can have an important role in the future nonvolatile random access memories 
(NVRAM). Recently, a Pt/TiO2/Pt memristor device capable of fast bipolar nonvolatile 
switching was reported.[43] The switching in this device was shown to be caused by the 
drift of oxygen vacancies in TiO2 by an applied electric field. 
 
TiO2 is transparent to visible wavelengths as can be concluded from its band gap energy. 
The refractive index of TiO2 is the highest of all oxides.[17] The index is even higher than 
that of diamond, and thus large and pure TiO2 crystals have gem-like reflectance, 
refraction and brilliance and are suitable for use in jewelry.[14] The high refractive index 
has also enabled the wide use of TiO2 as a white pigment and also in many other optical 
applications.[44] Because TiO2 absorbs UV light and is biocompatible it is used in 
sunscreens. 
 

2.3 TiO2 Photocatalysis 
Scientific interest towards the photocatalytic properties of TiO2 has been increasing 
steadily from the early 1990s. Currently several hundreds of research papers are published 
annually on the subject including also many thorough reviews.[1,45-62] There is thus a 
vast amount of information about TiO2 photocatalysis. A majority of these articles is 
focused on powder materials and only a fraction deals with thin films of TiO2. Although 
this work is focused on thin films, a general understanding of materials properties requires 
the knowledge of all forms of TiO2 because many important studies and major advances in 
photocatalytic materials are often reported on powder samples first.  
 

2.3.1 Basic principle 
A photocatalyst is a material which can induce various oxidative and reductive chemical 
reactions on its surface in the precence of light. G° for the net reaction is always negative 
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– a photoinduced reaction with a positive G° is termed photosynthesis.[51] 
Photocatalytic materials can be used to purify contaminated water and air or to split water 
into hydrogen and oxygen.[1,62] Photoreduction of CO2 and various metal ions has been 
examined.[56,63] In addition, photocatalytic reactions can be used to keep surfaces clean 
and sterile.[1,51,57] Other, more exotic applications suggested for photocatalysis include 
cancer treatment [57], self-cleaning clothes [50,57], self-sterilizing catheters [1], NOx 
removing pavement and cement [1], self-cleaning tent materials [1] and photocatalytic 
lithography [1].  
 
Detailed mechanisms of photocatalysis can be quite complex but the basic principle is 
usually the same. The process begins with the absorption of light with energy greater than 
the  band  gap  of  the  semiconducting  photocatalyst  (Figure  2).  In  the  case  of  TiO2 this 
energy is 3.2 eV for the anatase phase and 3.0 eV for the rutile phase. After absorbing a 
photon, an electron-hole –pair is created within the photocatalyst. Some of these electron-
hole –pairs recombine immediately and release the energy as heat. Some of the electrons 
and holes avoid recombination and diffuse to the surface of the photocatalyst where they 
participate in charge transfer reactions with available surface species while the 
photocatalyst itself remains intact. The electrons and holes can either react directly with 
the target compounds or indirectly by forming first superoxide (O2

•-), singlet oxygen (1O2), 
hydroxyl radicals (•OH) or hydrogen peroxide (H2O2) from O2, H2O and OH groups which 
are typically present in atmospheric conditions. Virtually any organic compound can be 
decomposed to CO2,  H2O and mineral acids by these active oxygen species when the 
photocatalyst is irradiated with light of sufficient energy. Especially the OH radical is a 
very strong oxidant. Also, direct oxidation of the target compound by the photogenerated 
hole is possible. 
 

 
Figure 2. Schematic of the main processes occurring at a TiO2 photocatalyst particle. 
 
It  is  not  always  easy  to  know  which  mechanisms  are  operating  and  to  what  extent  in  
different photocatalytic systems as their  occurrence is dependent on the properties of the 
photocatalyst, the nature of the compound being oxidized and the surrounding medium 
(water, air, vacuum). The only sure thing is that the reduction reactions by the 
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photogenerated electrons and oxidation reactions by the photogenerated holes must 
balance precisely so that the photocatalyst itself remains intact. 
 
TiO2 especially in the anatase phase has been frequently found to possess the best 
photocatalytic properties. The biggest factor limiting its applicapability is the size of its 
band gap because the wavelength of light needed for its excitation (  < 388 nm) lies in the 
UV region of the electromagnetic spectrum. This means that TiO2 can use only a very 
small portion of the solar energy and an even smaller fraction of normal indoor lighting. A 
stable photocatalyst which could operate under visible light has therefore been the subject 
of many studies in the past ten years. Various semiconductors with smaller band gaps have 
been studied as potential candidates for visible light photocatalysis but so far TiO2 remains 
as the benchmark for photocatalysts. A major advantage of TiO2 is its good stability. 
Usually the smaller band gap materials are less stable and more prone to photocorrosion. 
In addition, the locations of the valence and conduction band edges in TiO2 are suitable for 
photocatalysis (Figure 3).[51] The location of the conduction band should be more 
negative than the reduction potential of O2 so  that  O2

•- or  HO2
• can be created. The 

production of O2
•- and HO2

• by the conduction band electrons is possible on TiO2 but not 
on WO3 or Fe2O3, for example (Figure 3). In turn, the location of the valence band should 
be more positive than the OH radical generation potential. This requirement is fulfilled by 
TiO2, ZrO2 and WO3, for example. Figure 3 can be used to predict which charge transfer 
reactions are possible on a given semiconductor. It should also be kept in mind that the 
band edge positions and redox couples move to more negative potentials when the pH is 
raised.[1]  
 

 
Figure 3. Valence and conduction band positions of various semiconductors and relevant 
redox couples at pH = 0. (Drawn after refs. [1] and [62]) 
 

2.3.2 Doped TiO2 photocatalysts 
Because of the large band gap of TiO2 the utilization of solar and indoor light is very 
inefficient. Narrowing of the band gap or creation of separate energy states in the band gap 
by doping are common solutions for increasing the absorption of visible light, but one has 
to be careful that the good qualities of TiO2 are not affected too much. If the band gap is 
narrowed, the oxidation potential of the valence band holes and/or the reduction potential 
of the conduction band electrons decreases and the photocatalytic activity can drop 
dramatically. This is the case especially if the conduction band edge drops below the 
reduction potential of O2 or if the valence band edge rises so that the oxidation of H2O or 
OH groups to •OH is prevented. In Figure 3 it can be seen that there is more room for the 
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valence band to move up than for the conduction band to drop down. Therefore it seems 
more beneficial to focus on the modification of the valence band when trying to narrow 
the band gap. When separate energy states are created in the band gap the outcome can 
also be a dramatic decrease in activity. This is caused by the creation of recombination 
centers for electrons and holes and it is not always clear which energy states are beneficial 
and which are not. 
 
Doping TiO2 with elements such as N, S, C and F is frequently used to shift the absorption 
towards visible light.[1,49,64] Especially N, S and C doping is expected to decrease the 
band gap of TiO2 due  to  the  metallic  nature  of  the  compounds  TiN,  TiS2 and  TiC.  The  
resulting materials are often referred to as anion doped TiO2 because the dopant is targeted 
to substitute O2- ions in the TiO2 lattice. The p orbitals of these dopants will mix with the 
O 2p orbitals in TiO2 which causes the rise of the valence band. With small dopant levels, 
the mixing is not complete, however, and isolated energy states just above the valence 
band are created instead. The addition of foreign atoms can also cause a number of other 
energy states in the band gap. The nature of these states depends strongly on the 
preparation method.  
 
Doping  with  foreign  atoms  is  not  necessarily  needed  to  shift  the  absorption  of  titanium  
oxides towards visible light. Creating oxygen vacancies in TiO2 has been reported to cause 
visible  light  photocatalytic  activity  as  well.[65-67]  It  is  well  known  that  when  TiO2 is 
reduced it loses oxygen and visible light absorbing F-type color centers are created in the 
O vacancies.[64] Nakamura et al. prepared reduced anatase TiO2 powders by a H2 plasma 
treatment  at  400  °C.[65]  No difference  in  the  crystal  structure,  the  crystallinity,  and  the  
specific surface area was observed between the raw TiO2 and the plasma-treated TiO2 
materials. Only the coloration of the powders turned from white to light yellow which was 
also seen as an increase in the visible light absorption using UV/Vis absorption 
spectroscopy. The H2 plasma-treated powders showed photocatalytic activity in NOx 
removal at wavelengths 450 – 600 nm whereas the untreated powder did not. Activity 
under UV light was also slightly better than with the undoped sample. Electron spin 
resonance (ESR) measurements with visible light irradiation showed a signal for the F+ 
color  center  (O  vacancy  with  one  trapped  electron)  only  in  the  plasma  treated  samples.  
The  intensity  of  the  signal  also  correlated  fairly  well  with  the  NOx removal rate when 
different visible light wavelengths were used, thereby indicating that oxygen vacancy 
states played an important role in the visible light activity. The energy states caused by 
oxygen vacancies were reported to lie about 0.75-1.18 eV below the conduction band of 
TiO2.[65] Excitation of electrons from the valence band to these states is thus possible 
using visible light. Holes left in the valence band are then free to oxidize compounds 
directly or through the creation of •OH. 
 
Doping TiO2 with nitrogen is currently regarded as the most promising solution for visible 
light  photocatalysis.  The  work  of  Asahi  et  al.  is  often  referred  to  as  the  pioneering  
publication on nitrogen doped TiO2 photocatalysts.[68] In their study, first-principles 
calculations were first conducted to examine the effects of substitutional doping of C, N, 
S, P and F for O in anatase TiO2. The computational results suggested that nitrogen doping 
would be the best option. After this, nitrogen doped TiO2 films were prepared by 
sputtering a TiO2 target in an N2(40%)/Ar gas mixture and annealing at 550°C in N2 gas 
for 4 hours. Nirogen doped TiO2 powders were also prepared by annealing pure anatase 
TiO2 powder in NH3 gas at 600°C for 3 hours. The samples thus prepared were yellowish 
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with a clear visible light absorption tail reaching to around 500 nm. The substitutional 
nitrogen doping in the samples was confirmed using XPS. The samples showed good 
photocatalytic activity under visible light whereas similarily prepared undoped TiO2 did 
not. The photocatalytic activities of the nitrogen doped samples under UV light were also 
relatively good.  
 
Following the findings of Asahi et al. several research groups have studied nitrogen doped 
TiO2 powders and thin films prepared by various methods.[II,64,69-106] The origins of 
visible light activity in nitrogen doped TiO2 materials have been investigated and both 
substitutional and interstitial nitrogen doping has been found effective in increasing the 
visible light absorption.[68,89,102-105] Nitrogen doping creates isolated energy states 
above the valence band from which excitation to the conduction band occurs. Nitrogen 
doping has been also reported to lower the formation energy of oxygen vacancies which 
can have a strong impact on the photocatalytic properties.[104,106] Visible light 
photocatalytic activity in nitrogen doped TiO2 has been reported in many cases but several 
studies have also reported serious degradation of photocatalytic performance in these 
materials.[II,88,96,99] It appears that nitrogen doping increases in many cases the amount 
of recombination centers in TiO2 which  destroys  the  photocatalytic  activity.  The  
preparation route obviously plays a decisive role in the outcome.   
 
Carbon doping has been reported to lead to visible light active photocatalysts.[107-116] 
Khan et al. demonstrated that a TiO2-xCx material prepared by a controlled combustion of 
a titanium sheet in a natural gas flame could be used in photochemical water splitting by 
visible light.[107] The band gap was reported to narrow to 2.3 eV due to carbon doping. 
Since then also photocatalytic degradation of organic compounds using visible light has 
been reported using carbon doped TiO2 materials.[108,110-112] Preparation routes 
include oxidative annealing of TiC [111,113], hydrolysis of TiCl4 using 
tetrabutylammonium hydroxide and subsequent calcination [108], impregnation of titania 
by sucrose and calcinations [112], sputtering a Ti metal target under CO2/Ar gas mixtures 
[114], and a solution combustion method using TiO(NO3)2 and fuels such as glycine, 
hexamethylenetetramine and oxalyldihydrazide [110]. Similarly to TiO2-xNx materials, 
negative effects of carbon doping on the photocatalytic activity have also been 
reported.[115,116] In addition, there has been some debate on the influence of carbon 
doping on the photocatalytic activity of TiO2 in general. Because many preparative routes 
involve reducing conditions it has been suggested that the creation of oxygen vacancies is 
a more probable cause than carbon itself for visible light activity seen in carbon doped 
TiO2 materials.[116] Also, the experimental conditions of a number of earlier reports have 
been criticized.[116] 
 
Sulfur doping can increase the visible light absorption of TiO2 and visible light induced 
photocatalysis has been shown by many authors.[III,117-129] Guo et al. [117] and Babu 
and Srivastava [118] reported improved photoelectrochemical performance in sulfur 
doped TiO2 electrodes. The doping was carried out by annealing TiO2 pellets at high 
temperatures with sulfur vapor. Sulfur doped TiO2 materials have been prepared also by 
oxidative annealing of TiS2 [119-121], mixing thiourea with titanium isopropoxide [121-
129], aqueous TiCl3 solutions [130] or TiO2 powder [131] and subsequent calcination, by 
a hydrothermal method from TiCl4 and thiourea [132], and by a mechanochemical method 
from TiO2 powder and sulfur [133]. Ion implantation of sulfur in rutile single crystals has 
also been carried out.[134] It has been reported that sulfur can be either a cationic 
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(replaces Ti4+)  or  anionic  (replaces  O2-) dopant.[119-124] These two forms of sulfur 
doping were compared by Takeshita et al.[121] but fundamental differences between them 
remained unclear due to large differences in particle size and distribution of the sulfur 
dopants in the samples. 
 
Sulfation  of  TiO2 surface has been found to increase the photocatalytic activity as 
well.[135-140] Surface sulfate groups can stabilize the anatase phase thus shifting the 
anatase to rutile phase transformation to higher temperatures. Sulfation of TiO2 can also 
lead to a higher density of hydroxyl groups on the surface which increases the amount of 
hydroxyl radicals created during photoactivation.[139] The positive effect of surface 
sulfation has also been attributed to the ability of surface sulfate groups to trap 
photogenerated electrons, thus lowering recombination.[136] Depending on the 
preparation route, sulfate groups can be present in many cases as a result of sulfur doping 
and thus they can be also responsible for some of the good results obtained with the sulfur 
doped TiO2 materials.[III]  
 
Doping or surface modification of TiO2 with fluorine has been reported to have beneficial 
effects on photocatalytic activity.[IV,141-144] One possible reason for the observed 
improvement is the increased crystallinity of TiO2 upon fluorine doping.[144] It has also 
been found that adsorbed fluoride ions cause more photogenerated OH radicals to desorb 
from the surface of TiO2.[145] This can lead to an increase in photocatalytic activity 
because more photocatalytic oxidation can occur remotely at a distance from the TiO2 
surface. Especially the degradation of gas phase species can be greatly enhanced by 
fluorine doping. Indeed, in the remote photocatalysis experiments by Park and Choi [145] 
photocatalytic degradation reactions were found to take place at a distance of 150 µm 
away from the surface and modification of the surface by fluoride ions increased the 
activity of this remote photocatalysis by a factor of 3-4. Fluorine dopants have also been 
reported to induce more oxygen vacancies in TiO2 which can increase the visible light 
activity.[142,143] Controversially, some studies suggest that fluorine dopants decrease the 
amount of oxygen vacancies.[141] Generation of surface Ti3+ states which can decrease 
electron-hole recombination has also been proposed.[144] Fluorine doped TiO2 has been 
usually prepared using solution methods [141-145] but in this work also ALD has been 
employed [IV]. 
 
Besides C, N, S and F, other anionic dopants in TiO2 have been explored, but to a lesser 
extent.[146-148] Iodine doped TiO2 nanoparticles were found to degrade phenol under 
visible light.[146] Co-doping with chlorine and bromine has been reported to increase the 
photocatalytic water splitting activity of TiO2.[147] Visible light activity was also reported 
in TiO2 doped with boron.[148]  
 
In an attempt to increase visible and UV light activities even further, co-doped TiO2 
materials have been studied.[149-152] A good example is a nitrogen and fluorine co-
coped TiO2 prepared by the spray-pyrolysis technique.[149,150] The beneficial effects of 
both dopants have been combined in a single material and the results show better 
performance than single element doped TiO2 prepared in a similar way. Nitrogen was 
proposed to be responsible for the visible light absorption and creation of oxygen 
vacancies. Fluorine, on the other hand, was reported to cause surface oxygen vacancies, 
enhancement  of  surface  acidity  and  an  increase  in  the  amount  of  Ti3+ ions, all of which 
can enhance the photocatalytic activity.[149,150] 
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A common factor that keeps appearing in studies on C,N, S and F doped visible light 
active TiO2 photocatalysts is oxygen vacancies. Because they form so easily and have 
significant  effects  on  the  properties  of  TiO2, their role should not be underestimated. 
Recently, Serpone et al. conducted a systematic analysis of the spectral features of various 
undoped and doped TiO2 specimens reported in the literature.[64] The purpose of this 
significant piece of work was to gain understanding on the origin of visible light activity 
in samples doped with different elements. First, absorption bands of various reduced 
undoped TiO2 samples, mostly single crystal, were derived from the literature. Six 
absorption maxima could be distinguished ranging from 0.73 to 2.93 eV. Next, a careful 
analysis of the spectral features of various N, C and S doped samples revealed that they 
each contain the same three highest energy absorption bands as detected in the undoped 
reduced TiO2 samples. The authors therefore concluded that the origins of visible light 
absorption in the visible light active doped TiO2 samples are F-type color centers 
associated with oxygen vacancies. These same visible light absorbing defects exist in the 
undoped reduced TiO2 and the role of the various dopants seems to be merely to stabilize 
and increase the number of these intrinsic defects.  
 
Transition metal dopants have also been studied as means to shift the absorption of TiO2 
towards visible light.[46,47,49,60,153-155] In this case the modification of the electronic 
states occurs closer to the conduction band of TiO2.  This typically results when some of 
the titanium ions are substituted by other transition metal cations leading to mixing of the 
d orbitals or separate impurity levels below the conduction band. Enhanced UV and 
visible light activities have been reported but in many cases the results have not been as 
good as with anion doping, probably because dopants such as Cr, Fe, Co and Mn tend to 
form  detrimental  recombination  centers  in  the  band  gap  of  TiO2 quite 
easily.[46,49,154,155] For this reason the photocatalytic activity is very sensitive to the 
concentration of the cationic dopant. The photoreactivity of cation doped TiO2 was 
reported to be a complex function of the dopant concentration, the energy level of the 
dopants within the TiO2 lattice, their d electron configuration, the distribution of dopants, 
the electron donor concentration, and the light intensity.[154] The absorption of TiO2 can 
be shifted perhaps more efficiently towards visible light with transition metal doping than 
with anion doping but the photocatalytic properties of these materials tend to be usually 
worse.  Thus,  so  far  no  real  universal  transition  metal  doped  TiO2 material has been 
discovered. 
 

2.3.3 Composite TiO2 photocatalysts 
In composite TiO2 photocatalysts the properties of some other material are combined with 
TiO2 in order to produce enhanced photocatalytic performance.[45,156-162] The role of 
the other material can be for instance better absorption of visible light (CdS, CdSe, Cu2O) 
[156-158], better adsorptive capabilities (activated carbon) [161], increased 
superhydrophilicity (SiO2, SnO2) [159,160], or it can be used to improve charge separation 
to prevent the recombination of photogenerated electrons and holes (CdS, WO3) 
[156,157,162].  
 
Composites  of  TiO2 and CdS have been studied widely to improve the visible light 
photocatalytic activity.[45,156,157] The band gap of CdS is 2.4 eV [51] making the 
visible light absorption much more efficient in these materials than in TiO2 alone.  CdS  
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suffers  from  photocorrosion,  however,  which  can  limit  the  performance  of  CdS-TiO2 
composites  for  photocatalysis.  The  toxicity  of  Cd  can  also  cause  some  concerns.  In  
practice the CdS should be embedded inside the TiO2 particles in CdS-TiO2 composites, 
so that the photocorrosion effect is decreased.[156] The mechanism of visible light 
activity in CdS-TiO2 materials has been explained as follows: after visible light 
photosensitization the photogenerated electron is injected from the conduction band of 
CdS to the conduction band of TiO2 (Figure 4). This increases the charge separation and in 
principle the efficiency of the photocatalysis process.[45] The electrons in the conduction 
band of TiO2 can move to the surface and create superoxide radicals from molecular 
oxygen. The holes created in the valence band of CdS cannot be transferred to TiO2 
thereby suppressing recombination. Unfortunately, this charge separation effect ultimately 
causes the photocorrosion of CdS, because the valence band holes cannot oxidize 
hydroxyl groups to hydroxyl radicals (Figure 3) and instead start oxidizing CdS itself. The 
photocorrosion occurs even when CdS particles are embedded inside the TiO2 
matrix.[157] The photocorrosion can be suppressed when the composite is used as a 
photoelectrode and a suitable bias is applied to collect the photogenerated holes. This was 
demonstrated by Siripala et al. using a Cu2O-TiO2 p-n junction electrode.[158] 
 

 
Figure 4. Schematic of the main processes occurring on a CdS/TiO2 composite 
photocatalyst. 
 

2.3.4 Noble metal loaded TiO2 photocatalysts 
The photocatalytic activity of TiO2 can be increased by adding noble metals on the 
surface.[45,46,52,56] This creates a Schottky barrier in the metal-TiO2 interface which 
prevents electron back injection to TiO2 and thereby reduces electron-hole recombination 
thus improving the charge separation. More holes can therefore reach the TiO2 surface to 
initiate photo-oxidation reactions. The electrons in the noble metal can react with oxygen 
for example.[52] Pt and Ag are the most common noble metals which have been used for 
the TiO2 surface modification. Ag has also antimicrobial properties which makes it an 
obvious choice for photocatalytic sterilization applications.  
 
There is always an optimum noble metal surface loading which leads to the best 
photocatalytic activity. Because noble metals block the UV radiation quite efficiently the 
number of photons reaching TiO2 decreases with increasing metal loadings. At some point 
the light blocking effect starts to outweigh the effects of the better charge separation. Also, 
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with high metal loadings the increased negative charge of the metal particles can attract 
the holes in TiO2 too much and the metal particles essentially start acting as recombination 
centers.[52] This occurs especially if the trapped electrons are not further transferred out 
from the metal.[59] 
 

2.4 Photocatalytic TiO2 thin films  
The previous section focused on the general aspects of TiO2 photocatalyst materials. This 
section describes more how the photocatalytic properties are manifested in thin film TiO2 
materials and gives examples on different preparation methods.  
 

2.4.1 Self-cleaning surfaces 
Due to the photocatalytic reactions a TiO2 surface can potentially be self-cleaning in the 
presence  of  UV  (or  visible)  light.  The  rate  of  destruction/removal  of  the  surface  
contaminants should of course be higher than the rate of deposition of the contaminant. If 
a too thick layer of contaminant accumulates on the photocatalytic surface, it will 
eventually block all the necessary UV light and the photocatalytic reactions will cease. 
Also, photocatalytic reactions cannot remove particles of stable materials like sand dust. 
Thus, in many situations photocatalysis alone would not be enough to make the surface 
self-cleaning in practice. Fortunately, TiO2 surfaces have another property, in addition to 
photocatalysis, which contributes to the self-cleaning ability. The photoinduced 
superhydrophilic effect was reported in 1997 by Wang et al. and since then it has been 
under intensive study.[163] It was shown that upon UV irradiation the surface of TiO2 
turns highly hydrophilic. The contact angle between a water droplet and the surface 
approaches zero and instead of forming droplets water forms a thin film on the surface 
which remains clear and transparent.  
 
Different explanations for the photoinduced superhydrophilic effect have been given in the 
literature. The first proposed model involves the ejection of oxygen atoms from the TiO2 
lattice leading to the generation of surface oxygen vacancies.[163,164] These defects are 
known to cause water dissociation which would then cause an increase in the number of 
surface hydroxyl groups and an increase in surface hydrophilicity.[49] The second model 
proposes that significant reconstruction of the surface hydroxyl groups occurs upon UV 
irradiation.[165] An increased amount of metastable, more weakly bound hydroxyl groups 
are  claimed  to  be  present  after  UV  irradiation,  causing  a  more  hydrophilic  surface.  The  
third, perhaps the most simple, explanation suggests that the superhydrophilicity is an 
inherent property of clean TiO2 surfaces and that the observed decrease in water contact 
angles upon UV irradiation is just caused by the photocatalytic oxidation of surface 
hydrocarbon contaminants.[49,166-168]  
 
Despite the ongoing debate about the actual mechanisms, the discovery of the 
superhydrophilic property caused a keen interest towards TiO2 surfaces and many 
applications began appearing on the market. Photocatalytic TiO2 thin films can be used as 
self-cleaning surfaces to tackle fouling issues in many environments. Perhaps the most 
well known examples are self-cleaning windows manufactured by Pilkington, PPG and 
Saint Gobain. The operation of these windows is bifunctional. Photocatalytic reactions on 
the  surface  of  TiO2 break down accumulated organic dirt and thus clean the surface 
whenever there is UV light present. Due to the superhydrophilicity of the irradiated TiO2 
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any  dirt  on  the  surface  should  also  be  easily  washed  away  by  water. Besides windows, 
photocatalytic self-cleaning surfaces have been demonstrated to prevent fouling in many 
other applications such as bathroom tiles, lamp covers in a highway tunnel, building walls 
etc.[1,57] Because water droplets cannot form on a superhydrophilic surface it remains 
always clear and fog-free. The anti-fogging ability of TiO2 surfaces has been exploited in 
bathroom and car side-view mirrors for example.[57] 
 

2.4.2 Antimicrobial surfaces 
Due to the strong oxidative power of the photogenerated active oxygen species 
photocatalytic surfaces can have antimicrobial properties.[1,169] As extremely small 
amounts of microbes can be potentially dangerous, their destruction using photocatalysis 
is sensible. Various bacteria, endotoxins, fungal spores and biofilm components can be 
photocatalytically oxidized to CO2, H2O and mineral acids.[1,169,170] A hybrid material 
where TiO2 is modified with antimicrobial metals, such as Ag and Cu, can have very good 
sterilizing properties.[1] First the outer membrane of the bacteria cell is breached by 
photocatalytic oxidation after which the antimicrobial metal ions can diffuse inside the cell 
thus becoming much more lethal for the bacterium.[1] Photocatalytic antimicrobial 
surfaces have potential uses in hospital environments to combat dangerous microbes such 
as the MRSA.[171] Detoxification and antimicrobial activity are also important in air and 
water purification systems.[172] Biofilm growth on surfaces is a serious problem in many 
industrial processes like in the paper machine environment and photocatalytic coatings 
have been considered as a solution.[IX] 
 

2.4.3 Photocatalytic activity measurements 
Measurement of the photocatalytic activity of a thin film sample is relatively 
straightforward. The compound to be degraded is brought in contact with the TiO2 film 
which is irradiated by UV or visible light. The degradation reaction is followed as a 
function of time by some standard analysis technique such as gas or liquid 
chromatography or IR or UV/VIS spectroscopy. Due to the use of different test 
compounds (liquid, gas or solid) and different irradiation sources (fluorescent, halogen, 
solar) direct comparison of photocatalytic activities of TiO2 samples reported by different 
research groups is difficult. A good idea to make the comparison easier is to use a widely 
available TiO2 film, such as ActivTM glass, as a reference sample.[173]  
 
Photocatalytic degradation of a thin solid layer of stearic acid (SA, Figure 5) has been 
used as a testing method for thin film samples by many authors.[I-IV,145,173-180] It 
represents a good model system for self-cleaning surfaces. Stearic acid can be easily 
coated on a thin film sample from methanol solutions by dip-coating or spin-coating. It 
mimics typical organic dirt (fingerprints etc.) which accumulates on surfaces and its 
degradation can be easily monitored using IR spectroscopy. Stearic acid has a low vapor 
pressure and is very stable in the presence of UV light without any photocatalyst. 
Complete degradation of stearic acid can be written as: 
 

CH3(CH2)16CO2H + 26O2        18CO2 + 18H2O                                (1) 
 
Based on the earlier IR spectroscopic studies on stearic acid layers prepared by the 
Langmuir-Blodgett technique [177] a relation between the stearic acid thickness and the 
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IR absorbance of the asymmetric C–H stretching mode of the CH2 group at approximately 
2917 cm-1 can be used: 0.01 absorbance units equals a stearic acid layer thickness of 12.5 
nm.[176,177] The results gain a more physical meaning when the degradation rate is 
reported in units of nm/h, for example.  
 

 
 
Figure 5. Chemical structure of stearic acid. 
 
Mills and Wang studied the degradation of stearic acid by measuring the generated CO2 in 
addition to the IR absorbance measurements.[180] By using a sol-gel TiO2 film the CO2 
generated was more than 90 % of the stoichiometric amount according to Reaction 1 
indicating an almost complete mineralization of stearic acid. They also determined that an 
integrated area of 1 cm-1 of the peaks in the IR spectra of stearic acid over the range of 
2700–3000 cm 1 equals to 9.7×1015 molecules. When the wavelength and irradiance 
intensity of the incident light is known a formal quantum efficiency (FQE) for the 
photocatalytic degradation of stearic acid can be calculated: 
 

              rate of stearic acid removal (molecules/s) 
FQE   =   —————————————————                           (2) 

             number of incident photons (photons/s) 
 
Formal quantum efficiency means that the total amount of incident photons is used in the 
calculations and all scattering and reflection losses are ignored. The true quantum 
efficiency is thus always higher than the FQE value. FQE values for the degradation of 
stearic acid are also very low because it takes 104 electrons to degrade one stearic acid 
molecule completely according to Reaction 1.[180] 
 
Methylene blue (MB, Figure 6) is a cationic thiazine dye which is frequently used as a 
model compound to study photocatalytic activity in aqueous solutions.[I,VI-VIII,181-
188] MB has a very high molar absorptivity of 105 l mol-1 cm-1 at 660 nm which makes the 
measurement of small concentrations possible by standard UV/VIS spectroscopy. As MB 
is photocatalytically decomposed its absorbance decreases and the rate of decomposition 
can be determined. Usually, the photocatalytic degradation of MB follows first-order 
kinetics. Care should be taken when using MB as a model compound, however, because 
bleaching by reduction to leuco-methylene blue (LMB) can occur also.[182] This 
reversible reduction can occur in absence of oxygen by the conduction band electrons in 
TiO2. Misleading results can be obtained if the reduction reaction occurs and is confused 
with the photocatalytic degradation. LMB is oxidized back to MB by O2 so it  is  easy to 
test after the measurement if the observed decrease in MB concentration was caused by 
the reduction or degradation of MB. The solution is simply bubbled with oxygen or air and 
if there is no increase in MB absorbance no LMB was formed during the photocatalysis 
experiment. 
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Figure 6. Chemical structure of methylene blue. 
 
Photocatalytic degradation of gas phase compounds has been widely used to evaluate the 
activities of TiO2 samples.[189-193] Typical test compounds include common pollutants 
such as toluene [189], trichloroethylene [189], formaldehyde [190,191] and NOx 
[192,193]. Gas chromatography-mass spectroscopy (GC-MS) methods are usually used to 
follow the kinetics of degradation. The by-products and CO2 generation can be also easily 
measured which gives more information on the mechanism. Many factors such as 
contaminant concentration, relative humidity, O2 concentration and reactor design have an 
influence on the rate of photocatalytic oxidation. Gas phase testing of photocatalysts is 
perhaps best suited for high surface area samples where TiO2 is either grown as a film or 
impregnated in particulate form on a high surface area support.  
 

2.4.4 Preparation of TiO2 thin films 
TiO2 thin films can be prepared using virtually all the common liquid and vapor phase 
deposition methods. Usually all the liquid phase deposition methods produce amorphous 
TiO2 and a separate annealing step is required to crystallize the film. By vapor phase 
methods crystalline TiO2 can be produced directly more easily. Photocatalytic thin films 
deposited on a solid substrate offer a major advantage over powder materials in 
photocatalytic water purification systems because the costly filtration step is avoided. On 
the other hand, the surface area of the photocatalyst should be as high as possible which is 
often an advantage of powders over thin films in these systems. 
 
Among liquid based thin film deposition methods the sol-gel technique is by far the most 
popular in the preparation of photocatalytic TiO2 thin films.[174,175,194-198] The sol-gel 
technique is a versatile method offering many possibilities to tune the properties of the 
thin film. Dopants and other modifying agents can be easily introduced to the starting sol 
to change the properties of the final film. Typically titanium salts or alkoxides are used as 
precursors in a sol-gel process. The precursors are hydrolyzed in a controlled manner thus 
forming a polymeric network of Ti-O bonds in a solvent. This state is called the sol 
because it contains colloidal particles in solution. When the solvent evaporates to the 
extent that a continuous 3D network of solid material forms, the state has turned into a gel. 
The gel is dried to remove all the solvent and usually also crystallized by annealing at high 
temperature. Film growth using the sol-gel technique is usually accomplished using either 
dip-coating  or  spin-coating.  In  dip-coating  the  substrate  is  simply  dipped  in  the  sol  and  
pulled  away  using  a  constant  speed  during  which  the  sol  changes  into  a  gel  on  the  
substrate surface through evaporation of the solvent. In spin-coating a small amount of the 
sol is dropped on the substrate followed by spinning it at high speed which removes all the 
excess sol by centrifugal force. At the same time the solvent evaporates and a uniform gel 
film forms on the surface. The thickness of the formed film can be controlled by changing 
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the  viscosity,  concentration  and  solvent  evaporation  rate  of  the  sol,  or  by  changing  the  
withdrawal speed in dip-coating or spinning speed in spin-coating. 
 
Several sol-gel recipes for the preparation of high quality photocatalytic TiO2 thin films 
have been reported. To control the hydrolysis reaction better Paz et al. used a Ti(iOPr)4 
based sol where a bidentate acetyl acetonate (acac) ligand was used to shield the 
titanium.[174,175]  This  resulted  in  a  stable  sol  with  a  shelf  life  of  at  least  two  months.  
TiO2 films prepared from the sol by spin-coating and calcination were highly active in the 
degradation of stearic acid by 365 or 254 nm irradiation. HCl, diethanolamine (DEA), 
polyethylene glycol (PEG) and diethylene glycol (DEG) are other possible additives 
which can stabilize Ti(iOPr)4 based sols and give more control over the hydrolysis 
reactions.[194-198] Using PEG as an additive also porous photocatalytic TiO2 films can 
be readily obtained.[194,196] The pores form during the calcination step and their size can 
be controlled by the concentration of PEG in the sol. This is a convenient way to increase 
the surface area of the coatings in order to increase their photocatalytic activity. 
 
Low temperature liquid phase preparation routes have been investigated in order to 
produce crystalline TiO2 films on heat sensitive materials such as polymers. These include 
the direct growth of anatase from TiF4 solutions and hydrothermal treatment of amorphous 
TiO2 where temperatures close to 100 °C are enough to induce crystallization.[199-202] 
 
Gas phase methods generally lead to higher quality thin films than liquid phase methods. 
Lower impurity contents and higher film densities are usually obtained. Vapor deposited 
TiO2 films are often crystalline as-deposited and a separate heat treatment is not necessary. 
TiO2 thin films prepared by the sol-gel technique typically require annealing temperatures 
around 400-500 °C to crystallize whereas vapor phase techniques can produce crystalline 
anatase TiO2 at  much  lower  temperatures,  e.g.  close  to  200  °C.  The  vacuum  equipment  
makes gas phase methods usually significantly more expensive as compared to liquid 
phase methods, however.  
 
Sputtering is a physical gas phase deposition method where material is removed from a 
target using high energy ions and then collected on a substrate to grow a film. Argon is 
typically used as the sputtering gas. Magnetrons are usually used as the sputtering source. 
The method is principally very straightforward. Ideally, the growing film will have the 
same composition as the target. In the case of oxides, however, the films tend to become 
oxygen deficient. For this reason reactive sputtering is often used where a reactive gas like 
O2 is introduced simultaneously into the deposition chamber. Doping can be accomplished 
by adding yet another gas such as N2.[68] The photocatalytic activity and other film 
properties such as crystallinity can be influenced by changing the sputtering power or 
pressure, substrate temperature and sputtering gas composition.[203-205] 
 
Evaporation is another physical method used to grow photoactive TiO2 thin films. In this 
method the  source  material  is  heated  either  resistively  or  with  an  electron  beam in  high  
vacuum which causes it to evaporate. The evaporated material is collected on a substrate 
thus forming a thin film. Yang et al. studied the deposition of TiO2 films by electron beam 
evaporation (EBE) using a substrate temperature of 250 °C.[206] The effect of O2 partial 
pressure during deposition was studied and an optimum value was found which gave the 
best photoactivity. Only the photoinduced superhydrophilicity of the films was studied, 
however.   
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CVD has been used in many studies to prepare photocatalyic TiO2 thin 
films.[66,67,179,207-211] Typically, a decomposition CVD reaction is used where a 
titanium alkoxide vapor is controllably led over the substrate at a temperature where the 
titanium precursor molecules decompose leading to TiO2 growth.[67,207,208] In some 
cases also O2 is led to the reactor.[210] Plasma enhanced CVD (PECVD) has been used to 
deposit photocatalytic TiO2 thin films using Ti(iOPr)4 and  O2 plasma.[209] A halide 
precursor, TiCl4, together with ethyl acetate as the oxygen source can also be used in the 
CVD of photocatalytic TiO2 thin films.[179,211] The films were photocatalytically active 
in the degradation of stearic acid by UV light and also turned superhydrophilic after 
irradiation.   
 
Atmospheric pressure chemical vapor deposition (APCVD) is a convenient method for 
fast coating of large flat surfaces. Because vacuum is not required, high throughput film 
deposition can be realized in a production line. APCVD is used in the production of the 
Pilkington ActivTM self-cleaning glass.[173] The deposition is done at 615°C in the float 
glass process line using TiCl4 and  ethylacetate  as  precursors.  In  the  Pilkington  ActivTM 
glass the TiO2 film thickness is 15 nm and a 30 nm SiO2 barrier layer is also used to 
prevent sodium diffusion from the glass to the TiO2 film. With such a thin TiO2 layer the 
photocatalytic activity is quite modest. Thicker TiO2 layers in window applications are not 
very practical because optical interference would lead to disturbing coloring. Besides 
ethylacetate also H2O, MeOH, EtOH and iPrOH have been studied as oxygen sources in 
the APCVD of TiO2.[212] All oxygen sources produced anatase films at 500-650 °C with 
TiCl4 as the Ti source. All the films exhibited good activity in photocatalytic degradation 
of stearic acid and showed superhydrophilic properties.[212] Nitrogen doped TiO2 films 
have also been prepared from TiCl4, O2 and NH3 using APCVD.[97] 
 
When comparing the photocatalytic activities of TiO2 thin films prepared by different 
methods the sol-gel technique seems often to produce surprisingly good results. As noted, 
direct comparison of photocatalytic activity measurements in different publications is 
problematic due to varying testing conditions. Succesful comparisons have been reported 
by  Mills  et  al.  and  Guillard  et  al.  who  compared  the  activities  of  CVD  and  PECVD  
prepared films against sol-gel samples.[179,209] In both cases the sol-gel prepared films 
were found to be more active. It is possible that the porous structure of the sol-gel films 
has an effect. 
 

2.5 Atomic Layer Deposition of Titanium Dioxide 
Many  processes  exist  for  the  ALD  of  TiO2 (Table  1).  Alkoxides  such  as  Ti(OMe)4, 
Ti(OEt)4 and  Ti(OiPr)4 and  halides  such  as  TiCl4, TiI4 and  TiF4 have been successfully 
used as titanium precursors. From alkylamides Ti[N(CH3)2]4 can be mentioned. Lately, 
various heteroleptic Ti precursors have also been studied. Water is usually used as the 
oxygen source but processes utilizing H2O2,  O3 and oxygen radicals have also been 
studied. In situ reaction mechanism studies of various TiO2 ALD processes have been 
recently reviewed in refs. [213] and [214]. Such a wide selection of processes to grow the 
same material is only beneficial. Different processes yield films with different properties, 
such as resistivity, crystallinity/crystal structure, morphology and impurity level. For each 
application, the process which results in the most suitable film properties can be selected. 
The deposition temperature is also an important factor in many cases. In the following a 
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brief  review  on  the  different  ALD  TiO2 processes is given. Processes developed in this 
work will be presented in more detail in the experimental part in chapter 4. 
 
Table 1. Precursor combinations used in the ALD of TiO2. 
Titanium 
precursor1 

Oxygen sources References 

TiCl4 H2O, H2O2, O2-plasma [214,220-236] 
TiI4 H2O, H2O2, O2 [237-240] 
TiF4 H2O [IV] 
Ti(OMe)4 H2O [I] 
Ti(OEt)4 H2O [213,241-243] 
Ti(OiPr)4 H2O, H2O2, O2-radicals, O2-plasma, O3 [34,213,244-246,248-255] 
Ti(NMe2)4 H2O, H2O2, O3, H2O-plasma, O2-plasma [256-263] 
Ti(NEt2)4 H2O, O3 [262] 
Ti(NMeEt)4 H2O, O3 [262] 
Ti(OiPr)2(dmae)2 H2O [264] 
Ti(Me5Cp)(OMe)3 O3 [262,265,266] 
Ti(MeCp)(OMe)3 O3 [262,266] 
TiCp(NMe2)3 O3 [262,266] 
TiMe5Cp(NMe2)3 O3 [262,266] 
Ti(OiPr)2(thd)2 H2O [268-270] 

1 dmae = dimethylaminoethoxide, Cp = cyclopentadienyl, thd = 2,2,6,6-tetramethyl-3,5-
heptanedionate 
 

2.5.1 TiO2 from titanium halides 
Titanium halides are excellent ALD precursors because of their high reactivity and 
thermal stability. So far, TiCl4, TiI4 and TiF4 have been studied as titanium precursors in 
the  ALD  of  TiO2.[214,220-240,IV] Water is normally used as the other reactant but in 
some cases other oxygen sources have also been studied. TiCl4 in particular is a very 
convenient precursor due to its good volatility and therefore is widely used used in the 
ALD of TiO2. Usually, the main concern in the use of halides is the corrosive nature of the 
reaction by-products. Also, depending on the application, halide impurities can be a 
problem. Interestingly, besides as a Ti precursor, TiF4 can also be used as a fluorine 
precursor to grow various metal fluorides by ALD by reacting it with metal -diketonates 
Mg(thd)2, Ca(thd)2, La(thd)3 and Y(thd)3.[215-219] Apparently the oxophilic nature of 
titanium helps its removal from the surface by the -diketonate ligands. 
 
TiCl4/H2O process is one of the most widely studied ALD TiO2 processes. Early work on 
the ALD of TiO2 from TiCl4 and H2O was done by Ritala et al. using growth temperatures 
between 150 – 600 °C.[220] The growth rate as a function of temperature was relatively 
constant on Corning 1733 glass with values of 0.35 – 0.45 Å/cycle in the whole 
temperature range. A slightly higher growth rate was observed on soda lime glass at 350 -
 500 °C. In addition to the ideal growth mechanism based on reactions between adsorbed 
hydroxyls and TiCl4 vapor and adsorbed TiCl4-n species and H2O vapor, dehydroxylation 
and HCl adsorption were considered as complicating processes.[220] Two at.% chlorine 
was detected by RBS in the film grown at 150 °C whereas in the film grown at 500 °C the 
amount of chlorine was below the detection limit. Hydrogen contents were very low, only 
0.3 at.% in the film grown at 150 °C and 0.1 at.% in the film grown at 500 °C. According 
to the other film properties such as refractive index, density and etchability the films 
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obtained were of high quality. The morphology of the films deposited at 500 °C on mica 
and soda lime substrates was also studied.[221] 
 
Later  Aarik  et  al.  have  also  studied  the  TiCl4/water process thoroughly.[222-227] Films 
grown below 165 °C were amorphous while those deposited at 165 – 350 °C contained the 
anatase phase.[222] At 350 – 500 °C rutile was the most dominating phase. The 
temperatures required to grow crystalline films are lower than in typical CVD growth 
processes and also lower than what is usually required to crystallize amorphous TiO2 by 
annealing. This ability to grow crystalline films at relatively low temperatures by ALD 
was explained by surface diffusion and by the fact that the film growth occurs only 
through surface reactions.[222] It was also found that the crystal structure can be largely 
affected just by changing the TiCl4 and water doses.[223,224] Also the optical properties 
[225], reaction mechanisms [226] and epitaxial growth on -Al2O3 [227] have been 
studied. 
 
Growth behaviour and film properties using the TiCl4/H2O process with various growth 
temperatures, substrate materials and reactor geometries have been investigated by several 
other research groups.[228-233] Perfect conformality of the process has also been 
demonstrated.[234] Sammelselg et al. observed the growth of crystalline anatase already 
at a deposition temperature of 150 °C.[230] Even lower temperatures for the preparation 
of anatase films are possible. Mitchell et al. reported anatase crystal growth in films 
deposited at 80 °C and subjected to a post-deposition hydrothermal treatment at 120 
°C.[233]  
 
Besides water, other oxygen sources studied with TiCl4 are  H2O2 [235] and O2-plasma 
[236]. Growth rates of 0.65 and 1.35 Å/cycle were reported for the processes using H2O2 
and O2-plasma, respectively. When O2-plasma was used the anatase phase was reported to 
exist in films prepared already at 110 °C.[236] 
 
TiI4 has  been  used  as  a  Ti  precursor  in  the  ALD  of  TiO2 together  with  H2O,  H2O2 and 
O2.[237-240] In the TiI4/H2O2 process the growth rate increased nearly linearly at 250 – 
300 °C and tended to saturate to around 0.7 – 0.8 Å/cycle at 300 – 400 °C.[237,238] An 
abrupt increase in the growth rate occurred when the temperature was raised above 400 °C 
and the highest growth rate of 1.2 Å/cycle was detected at 450 °C. This sudden increase is 
related to the smaller amount of iodide ligands in the adsorbed TiIx species at higher 
temperatures which enables more titanium to be adsorbed per cycle. Films grown at lower 
temperatures consisted of the anatase phase and a transition to rutile was observed at 300 - 
325 °C. Some suboxide phases were also seen at the transition temperature.   
 
TiI4 was successfully used with H2O as an oxygen precursor provided that large enough 
H2O exposures were used.[239] The transition from the anatase to the rutile growth was 
detected at 375 – 445 °C. Uniform films could be grown reproducibly at 135 – 300 °C. At 
higher temperatures, larger thickness gradients and dependence of the growth rate on the 
TiI4 pulse length were observed. The TiI4/H2O process could also be used to grow rutile 
epitaxially on -Al2O3(012) at 445 °C.[239] 
 
TiI4 can also be used to grow TiO2 by ALD using O2 as an oxygen precursor.[240] Films 
could be grown at 230 – 460 °C. Anatase films were produced at all the studied 
temperatures, except at the highest one where the rutile phase was formed. The refractive 
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indices at a wavelength of 580 nm were 2.2 – 2.5 at growth temperatures between 275 – 
380 °C. For comparison, the refractive indices of anatase films grown by other ALD 
processes usually lie between 2.4 – 2.6. At growth temperatures lower or higher than 275 
–  380  °C  the  refractive  indices  were  even  lower,  below  2.0.  This  indicates  that  
significantly less dense or even porous films were produced. The iodine impurities in the 
films were nevertheless very low. This is in fact common to all TiI4 based processes and is 
a consequence of the lower Ti-I bond energy (310 kJ mol-1) compared to that of the Ti-Cl 
bond (494 kJ mol-1) for example.[237] The large ionic radius of the iodide can also have 
an effect on the low iodine impurity contents.[237] 
 

2.5.2 TiO2 from titanium alkoxides 
Titanium alkoxides are widely used in CVD and sol-gel deposition of TiO2. They have 
high volatilities and are hydrolyzed easily at low temperatures. They have also high 
enough thermal stabilities so that saturative ALD growth can be realized. The reaction 
between a titanium alkoxide Ti(OR)4 and water produces TiO2 and the corresponding 
alcohol (ROH). This reaction has been utilized in ALD using Ti(OMe)4, Ti(OEt)4, 
Ti(OiPr)4 and Ti(OtBu)4 as Ti precursors.[I,213,241-246] Growth rates between 0.30 – 
0.65 Å/cycle have been reported the highest one being with Ti(OMe)4. Ti(OMe)4 is also 
thermally the most stable with ALD-like growth behaviour observed at 350 °C.[I] Because 
the decomposition product of a titanium alkoxide is TiO2,  a  small  amount  of  
decomposition is not necessarily a problem. Alkoxide precursors are preferred over 
halides especially when halide residues are detrimental and also when the corrosive 
hydrogen halides can cause problems. Because titanium alkoxides contain oxygen atoms 
bound to titanium the co-reactant can be completely oxygen-free as long as it has 
sufficient  reactivity  towards  the  alkoxide.  For  example,  Hf-Ti-O  films  can  be  grown  by  
ALD using HfCl4 and Ti(OiPr)4 as precursors.[247] The rationale for the use of these so 
called  dry-processes  is  in  the  preparation  of  thin  gate  dielectrics  on  silicon  where  the  
formation of a lower capacitance SiO2 layer by an oxidizing precursor should be avoided.  
 
No clear ALD-window was observed in TiO2 film growth from Ti(OEt)4 and  H2O  at  a  
temperature range of 200 – 400 °C.[241] This was attributed to the thermal decomposition 
of the precursor. Growth rates as a function of Ti(OEt)4 pulse time at 250, 300 and 350 °C 
showed two linear regions with a steeper slope at shorter pulses and a more gentle slope at 
longer  pulses.  The  point  of  the  slope  change  was  attributed  to  the  saturation  of  the  
exchange reactions and the growth rate increase at longer pulses to the thermal 
decomposition. Growth rates at the exchange reaction saturated points were 0.35-0.40 
Å/cycle at 250 – 350 °C. The results also showed that the self-decomposition was so weak 
that the advantageous features of ALD were not essentially deteriorated because the films 
prepared were uniform and dense.[241] The crystal structure of the films prepared at 250 – 
375 °C was anatase. With an increase of deposition temperature the intensity of the (101) 
reflection decreased. The high crystallinity of the films prepared from titanium alkoxides 
and water by ALD was speculated to be a result of an ordering effect of bridging alkoxide 
groups.[241] This speculation does seem feasible here because the film crystallinity 
decreases when the decomposition of Ti(OEt)4 starts to contribute to the film growth. 
 
Reaction mechanisms and structure of TiO2 films prepared by the Ti(OEt)4/H2O process 
has been studied by Aarik et al.[242,243] Self-limited growth was reported at 100 - 250 °C 
after which the thermal decomposition of Ti(OEt)4 started to influence the film growth. 
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Crystalline anatase films were produced at 180 °C and above.[242] At temperatures where 
crystalline and amorphous materials form simultaneously film roughening caused by the 
higher growth rate of the anatase crystallites was observed. Also, significant dependence 
of the growth rate on film thickness was observed under such conditions because the film 
grows first preferentially as amorphous TiO2 which  has  a  lower  growth  rate.  At  some  
point a change to the preferential anatase growth occurs which causes an increase in the 
growth rate.[243] 
 
Using Ti(OiPr)4 and water a well defined ALD-window was detected at growth 
temperatures between 250 – 325 °C where the growth rate was 0.3 Å/cycle.[244] Increase 
of the growth temperature to 350 °C doubled the growth rate indicating an abrupt onset of 
Ti(OiPr)4 self-decomposition between 325 and 350 °C. The growth rate was shown to 
saturate at 250 °C as a function of Ti(OiPr)4 pulse length, thus making the process more 
stable than the one based on Ti(OEt)4. XRD measurements showed also an opposite trend 
in the degree of film crystallization as compared to the ethoxide process. The (101) 
anatase reflection was the most intense in all the films and the intensities of all reflections 
increased to the same extent when the deposition temperature was raised to 325 °C above 
which Ti(OiPr)4 decomposition started to deteriorate the crystallinity.[244] 
 
Reaction mechanism studies using Ti(OiPr)4 and  H2O [245,248] and also H2O2 [248] as 
precursors have been conducted. The adsorption of Ti(OiPr)4 at 100 – 250 °C was shown 
to be a self-limiting process and thermal self-decomposition was reported to play a major 
role above 250 °C.[245,248] At 100 – 150 °C water had low reactivity but when replaced 
by H2O2 significantly higher growth rates were obtained.[248] At 200 – 250 °C the growth 
rate was not dependent on the oxygen source.[248] Similarly to the Ti(OEt)4/H2O process 
[242] the anatase phase was detected in the films grown at 180 °C and above.[248] 
 
Kim et al. showed that rutile structured films can be grown from Ti(OiPr)4 with high 
concentrations of O3 at a relatively low temperature of 250 °C.[34] The rutile phase was 
detected only in the films grown on ruthenium films. The anatase phase was formed on 
other surfaces such as Si and Pt. The formation of rutile at such a low temperature was 
explained to be a result of the oxidation of the underlying Ru film to RuO2 by the high O3 
exposure. RuO2 has also the rutile crystal structure and this structural resemblance caused 
the formation of rutile type TiO2. Reaction mechanism studies on the Ti(OiPr)4 +  O3 
system have been conducted by Rai et al.[249]  
 
Plasma and radical enhanced ALD (PEALD, REALD) have been used to grow TiO2 films 
using Ti(OiPr)4 and  O2 plasma/radicals.[250-255] The difference between PEALD and 
REALD is the location of the substrate with respect to the plasma. In PEALD the substrate 
is in the plasma area where it is exposed to radicals but also bombarded by energetic 
electrons and ions. In REALD the substrate is located downstream from the plasma zone 
so that only radicals are used for the growth.[255] Oxygen radicals are highly reactive and 
often allow the use of lower deposition temperatures than in thermal ALD. However, with 
Ti(OiPr)4 as the Ti precursor in thermal ALD, very low deposition temperatures can also 
be used.[246,248] A TiO2 film deposited by REALD at 50 °C was shown to have a 
density and refractive index of 3.2 g/cm2 and 2.2 with 4 at.% carbon impurities.[254] At 
250 °C the density increased to 3.8 g/cm2 and refractive index to 2.4 and carbon impurities 
decreased to 0.4 at.%. Crystalline anatase was detected in the films grown at 250 °C and 
above. This temperature is higher than that in the thermal water based process [248] or in 
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PEALD [253] where the anatase phase was produced already below 200 °C. The growth 
rates in the ALD growth regime using oxygen plasma or radicals were reported to be 
approximately 0.4 Å/cycle in refs. [251] and [252], 0.83 Å/cycle in ref. [253] and as high 
as 1.6 – 1.9 Å/cycle in refs. [254] and [255]. The large differences in growth rates are 
probably related to the differences in the plasma sources but no clear relationship between 
the growth mode (PEALD or REALD) and the growth rate exists. 
 

2.5.3 TiO2 from titanium alkylamides 
Ti(NMe2)4 (tetrakis(dimethylamido) titanium, TDMAT) has been used with H2O,  H2O2, 
H2O-plasma and O2-plasma to grow TiO2 films by ALD.[256-262] A common feature of 
all these processes is that the growth rate has been found to decrease as the temperature 
increases. Films prepared using H2O,  H2O2 and  H2O-plasma were highly pure whereas 
those prepared using O2-plasma contained several at.% carbon impurities.[258] Crystalline 
films can be produced at 150 °C and above but only by using H2O2 as an oxygen 
precursor.[257] All the other oxidants produce amorphous films with TDMAT in the ALD 
conditions. In a recent report the ALD of crystalline TiO2 using TDMAT and O2 plasma 
has been claimed but obviously the growth was more CVD-like because temperatures of 
300 – 400 °C were used which are well above the decomposition temperature of 
TDMAT.[261] The upper temperature limit for ALD of TiO2 using TDMAT was reported 
to lie around 225 - 260 °C.[258,262] On the other hand, a decomposition temperature of 
180 °C was reported when TDMAT was used with NH3 to  grow  TiN  films  and  some  
nonideal growth behavior was detected even below this temperature.[263] More 
contradictory data also exists because Maeng and Kim reported that growth does not 
saturate at 200 °C when the TDMAT pulse length is increased [259] whereas Pheamhom 
et al. reported good saturation at the same temperature [257]. Large differences in the 
reported growth rates also exist.[257-259] Thus, the use of TDMAT in ALD appears to be 
quite problematic. Other studied titanium alkylamides include Ti(NEt2)4 and 
Ti(NMeEt)4.[262] Film properties were not reported in detail but the thermal 
decomposition of Ti(NEt2)4 and Ti(NMeEt)4 appeared to start well below 300 °C.[262]  
 

2.5.4 TiO2 from heteroleptic precursors 
Various modified titanium alkoxides, Ti(OiPr)2(dmae)2 (dmae = dimethylaminoethoxide) 
[264], Ti(Me5Cp)(OMe)3 (Cp = cyclopentadienyl) [265,266] and Ti(MeCp)(OMe)3 
[262,266] have been studied in the ALD of TiO2. Using Ti(OiPr)2(dmae)2 a growth rate of 
0.3Å/cycle was reported at 100 – 300 °C when water was used as the other reactant.[264] 
The  thermal  stability  of  Ti(OiPr)2(dmae)2 was  compared  with  Ti(OiPr)4 and found to be 
higher.  The  transition  from  the  ALD  to  CVD  growth  mode  occurred  at  350  °C.  The  
reactivity of Ti(OiPr)2(dmae)2 towards water was weaker than that of Ti(OiPr)4, however, 
and amorphous films with high amounts of impurities were produced in the ALD growth 
regime. Crystalline anatase films were produced at 400 °C only, i.e. when the temperature 
was high enough to cause significant thermal decomposition of the precursor.  
 
In the Ti(Me5Cp)(OMe)3/O3 process the growth rate increased slightly from 0.22 to 0.29 
Å/cycle when the temperature was raised from 235 to 330 °C indicating good thermal 
stability of the precursor at this temperature range.[265] The film density was reported to 
be very high, over 3.9 g/cm3 at all the studied temperatures. Indications of partial 
precursor decomposition were seen when the growth temperature was increased to 350 °C. 
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The growth rate increased abruptly to 0.5 Å/cycle and the film density decreased.[265] 
Good thermal stabilities of TiCp alkoxides have been reported also in refs. [262] and 
[266]. 
 
TiCp(NMe2)3 and Ti(Me5Cp)(NMe2)3 compounds were studied by Katamreddy et al. and 
the Cp containing compounds were reported to be thermally more stable than the 
homoleptic alkylamides.[266] Detailed information on film properties was not given 
however. A common feature of cyclopentadienyl containing titanium precursors seems to 
be the fact that they do not react with water. 
 
Ti(mpd)(thd)2 (mpd = 2-methyl-2,4-pentanedioxy, thd = 2,2,6,6-tetramethyl-2,5-
heptanedionate)  was  used  as  a  titanium precursor  in  the  ALD of  SrTiO3.[267] No other 
information on its ALD behavior was given except that the growth temperature of SrTiO3 
was 300 °C.[267] With Ti(OiPr)2(thd)2, on the other hand, the TiO2 growth rate as a 
function of growth temperature has been investigated.[268-270] Water was used as the 
other reactant. The decomposition of the precursor was reported to start at 390°C which 
also led to increased carbon contamination in the films. A carbon content below 3 at.% 
was detected in the films grown in the ALD ‘window’ at 340 - 390 °C.[270] A saturated 
growth rate of ~0.25 Å/cycle was reported at 370 °C.[268]  
 

2.5.5 Doped TiO2 

Due to the cyclic nature of ALD introducing dopants in the growing film is in principle 
quite straightforward. In the case of TiO2 the cation doping is usually easier to accomplish 
than  anion  doping.  For  example,  if  ALD  chemistry  for  the  oxide  of  the  cationic  dopant  
alone has been realized, a doped TiO2 film can be grown just by mixing the binary oxide 
growth cycles in a suitable ratio. Of course the complete growth mechanism becomes 
more complex because different cations can exist on the surface at the same time and 
diffusion can cause changes in the surface composition during growth.[271] The growth 
rate of the TiO2 process can be different from the normal one right after the dopant cycle. 
In some cases etching reactions can also cause problems. 
 
The  control  of  anion  doping  in  the  ALD of  TiO2 is  not  as  straightforward  as  that  of  the  
cation doping. One approach is to apply alternating cycles of TiO2 and TiAx (where A is 
the anion). The composition control in this approach is not simple, however. The reason is 
the oxophilic nature of titanium which means that Ti-O bonds form very easily and thus 
the anionic dopant gets replaced by oxygen during the oxygen precursor pulse. Another 
way to introduce anionic dopants into TiO2 is to use co-reactant mixtures such as H2O/H2S 
for  sulfur  and  H2O/NH3 for  nitrogen,  for  example.[III,272] In this approach the doping 
level is controlled by the partial pressures of the precursors.  
 
So far, the preparation of Al [271], Zr [273], Nb [X],  Ta  [X],  N [II,272], S [III] and F 
[IV] doped TiO2 by ALD has been described. The results of the present work on S, N, F, 
Nb and Ta doped TiO2 are described later in chapter 4.[II-IV,X] 
 
The growth of Al doped TiO2 films was studied by Kim et al.[271] The growth 
temperature was 250 °C and the precursors were titanium isopropoxide, 
trimethylaluminum and O3.  Although  the  ratio  of  TiO2:Al2O3 pulsing was quite large 
(from 60:1 to 120:1) it was found that Al was uniformly distributed in the film. This was 



35 
 

thought to be a result of excess oxygen in the films causing high amounts of Ti vacancies 
which acted as diffusion paths for Al. It was also found that Al doping caused the growth 
rate of TiO2 to decrease slightly. The decrease in TiO2 growth  rate  was  found to  be  the  
highest (around 15 %) immediately after the Al2O3 cycle and then decreased to around 5 
% in the rest of the TiO2 cycles. The latter effect was concluded to be caused also by the 
diffusion of Al leading to a constant concentration of Al on the growing surface.  
 
Cheng et al. have prepared N doped TiO2 films by ALD using TiCl4 and  an  NH3/H2O 
mixture as precursors.[272] The dopant and the oxygen source are thus introduced 
simultaneously to the reactor. At a deposition temperature of 400 °C anatase films with 
1.6 at.% nitrogen were produced. Using X-ray photoelectron spectroscopy (XPS) 70 % of 
the nitrogen was found to be substitutionally incorporated which caused the narrowing of 
the band gap energy to 2.25 eV.[272] 
 
Qiu et al. have prepared zirconium doped TiO2 films by ALD for photocatalytic 
applications.[273] Films were grown at 300 °C using titanium isopropoxide, zirconium t-
butoxide and water as precursors. The Zr content could be controlled by varying the 
ZrO2:TiO2 cycle ratio. Anatase films were produced when the ZrO2:TiO2 cycle ratio was 
1:9, leading to a Zr content of 5 at.%. At higher Zr contents, amorphous films were 
produced. Suppression of crystallization can occur when foreign atoms are doped in TiO2.  
  

2.5.6 Multicomponent oxides containing titanium 
The ALD of several titanium containing multicomponent oxide materials has been studied 
recently. These include Al-Ti-O [247,274], Hf-Ti-O [247,275], BaTiO3 [276-279], Bi-Ti-
O [280-284], Bi-Ti-Al-O [285], Bi-Ti-Si-O [286,287], PbTiO3 [288], SrTiO3 [289-293], 
Ba1-xSrxTiO3 [10], SrBi2Ta2O9 [11] and ZrTiO3 [247,294]. Al-Ti-O has been used as an 
insulator in EL displays already for 30 years due to its good dielectric strength and charge 
storage capacity.[4,7] However, the main motivation for studying the above materials 
comes from their potential use as high permittivity dielectrics and ferroelectrics in 
capacitors in dynamic and ferroelectric random access memories (DRAM, FRAM). In the 
state-of-the-art devices, these capacitor structures have demanding 3D geometries where 
the multicomponent oxide should be deposited conformally with a uniform composition. 
Thus,  similarly  to  the  doped  TiO2, the precursor chemistries of the constituent oxides 
should be compatible in order to maintain the self-limiting growth behavior. For example, 
TiCl4 is not a good choice for alkaline earth titanates BaTiO3 and SrTiO3 because of the 
stability  of  BaCl2 and SrCl2.[10] Titanium alkoxides are typically used when growing 
mixed oxides containing titanium. Although O3 is a good oxygen precursor for the 
deposition  of  TiO2, it can lead to the formation of carbonate instead of oxide with the 
other constituent metal precursor. For example, the Sr(thd)2/O3 ALD process yields 
crystalline SrCO3, not SrO.[289] 
 

2.5.7 Nanolaminates containing TiO2 
By using nanolaminated thin films of different materials, the resulting film properties can 
be tailored by changing the thicknesses of the constituent films. This approach has been 
utilized in the preparation of dielectric layers with the aim of reducing leakage currents 
and increasing the permittivities of the film stacks.[40-42,274,275] Also, because the 
interface properties between the dielectric and the electrodes are important, the more 
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suitable  material  can  be  chosen  as  the  top-most  and  bottom-most  layer.  TiO2 has a 
relatively high dielectric constant but it suffers from high leakage currents. Therefore 
studies have been focused on nanolaminates with TiO2 and a material with a wider band 
gap and better insulating properties such as Al2O3. Electrical properties of nanolaminated 
thin films containing TiO2 and Al2O3 [40-42,274] and HfO2 [41,275] prepared by ALD 
have been recently characterized.   
 
Detailed TEM and ellipsometry studies on Al2O3/TiO2 nanolaminate film stacks were 
made by Mitchell et al.[295] TiCl4, Al(CH3)3 and water were used as the precursors at 200 
°C. The layers were found extremely flat and parallel and the interfaces between the layers 
compositionally abrupt (Figure 7a). Using nanolaminates of Al2O3/TiO2 the refractive 
index of optical coatings can be tuned very accurately.[296] Nanolaminates also often 
show improved mechanical properties when compared to their constituent materials. ALD 
prepared nanolaminates containing TiO2 have shown improved laser damage resistance in 
optical coatings for example.[297] Optical retarders based on ALD prepared SiO2/TiO2 
nanolaminates grown on trench structures have also been prepared.[298]  
 

 
Figure 7. a)  Cross-section  TEM  images  of  an  a)  Al2O3/TiO2 and  b)  SAM/TiO2 
nanolaminate film stacks prepared by ALD. The TiO2 layers appear as darker in both 
figures. a) Reprinted from [295], Copyright 2005, with permission from Elsevier. b) 
Reproduced with permission from [299]. Copyright 2007 American Chemical Society. 
 
Organic-inorganic hybrid thin films have received a lot of attention lately due to their 
potential applications in flexible electronics. This is a growing field with a huge amount of 
potential due to the various possible material combinations. ALD has been used to grow 
organic-inorganic nanolaminates with TiO2 as the inorganic layer.[299] First an alkene-
terminated self-assembled monolayer (SAM) was created by exposing the substrate to 7-
octenyltrichlorosilane (7-OTS) and water vapor in the ALD reactor. O3 exposure was used 
to convert the terminal C=C groups of the 7-OTS SAM to carboxylic groups in order to 
create adsorption sites for the subsequent growth of the TiO2 layer. Titanium isopropoxide 
and water were used in the TiO2 process. The prepared nanolaminates were uniform and 
had sharp interfaces as deduced from the cross-section TEM images (Figure 7b). The 
thermal and mechanical stability of the films was also good and the electrical properties 
could be tailored by varying the thicknesses of the TiO2 and SAM layers. Using the same 
methodology more complex organic-inorganic nanolaminates were also prepared with 
alternating Al2O3 and TiO2 layers between the SAM layers.[300] 
 
Multiwalled nanotubular anatase architectures have been recently prepared by depositing 
TiO2/Al2O3 nanolaminates by ALD in porous alumina templates.[301] After dissolution of 
the template and the Al2O3 layers concentric anatase nanotubes were created. These kinds 

a b



37 
 

of structures have naturally large surface areas and the authors envisaged applications in 
the fields of dye-sensitized solar cells, organic-inorganic hybrid solar cells, Li-ion 
secondary batteries, photocatalysts and catalytic supports.  
 

2.6 ALD of photocatalytic TiO2 thin films 
Although ALD of TiO2 has been widely studied from the early 90’s, the first reports on 
the photocatalytic properties of the ALD TiO2 films appeared only in 2004.[I,302] Since 
then new publications have been appearing steadily each year. This chapter gives a general 
overview of studies related to the ALD of photocatalytic TiO2 thin  films.  Results  of  the  
present work are given later in chapter 4. 
 
Kääriäinen et al. have studied the photocatalytic degradation of MB with TiO2 films 
prepared by the TiCl4/H2O  process.[303]  The  highest  activities  were  seen  with  films  
deposited at 350 °C consisting of anatase/rutile mixtures. The anatase/rutile ratio was 
controlled by changing the film thickness. More specifically, when the film consisted of 
an anatase matrix with small rutile crystallites the activity was found the best. 
Interestingly, the most active film was only 15 nm in thickness but still more active than a 
260 nm film with a predominantly rutile surface. In a related study by Vilhunen et al., 
anatase/rutile mixtures were also found the most effective when salicylic acid was used as 
the model compound.[304] Reproducibility might be a problem in the preparation of 
anatase/rutile mixtures by using the TiCl4/H2O process because the crystallization 
behaviour during growth can change with different substrate materials and precursor 
partial pressures.[224] Even the purge length can have an effect.  
 
Cheng et al. studied the photocatalytic activities of TiO2 films prepared at 200 – 500 °C on 
Ni,  Ta and Ti substrates using the TiCl4/H2O process.[305] 1000 deposition cycles were 
applied which resulted in a film thickness of approximately 50 nm. The substrate material 
had an influence to the anatase-to-rutile transition temperature which was the highest for 
Ni. The best UV light photocatalytic activities in MB degradation were measured for 
anatase structured samples grown at 300 °C on Ni. The good photocatalytic activity of 
TiO2/Ni samples was attributed to the formation of a Schottky contact which caused a low 
carrier recombination rate. 
 
Cheng and Chen studied the photoelectrochemical properties of TiO2 films grown with the 
TiCl4/H2O process.[306] The films were prepared on Si(100) substrates by using 1000 
ALD cycles at 200 – 500 °C. Films deposited at 200 – 400 °C consisted of the anatase 
phase and the film prepared at 500 °C was a mixture of anatase and rutile. Potential sweep 
voltammograms measured in a three electrode setup under UV irradiation showed a higher 
photocurrent  the  higher  the  deposition  temperature.  A  two-stage  deposition  process  was  
also proposed where 300 ALD cycles were first applied at 200 °C to grow a thin 
amorphous layer with low nucleation density. The second step consisted of 700 ALD 
cycles at 500 °C for stress release and grain growth. Higher photocurrents were measured 
for the films grown with the two-stage process which was attributed to a lower defect 
density and larger grain size in these films. 
 
High photocurrents are desired for photoelectrochemical water splitting and 
photoelectrocatalysis but the highest photoelectrochemical response does not necessarily 
correlate with the highest photocatalytic activity in absence of a bias potential. This is 
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demonstrated by the results in Refs. [305] and [306] where the best photocatalytic activity 
in MB degradation was measured for an anatase film grown at 300 °C [305] and the 
highest photocurrents for a film grown at 500 °C [306]. 
 
Photoelectrocatalytic degradation of MB under UV irradiation by anatase TiO2 films 
prepared by the Ti(OMe)4/H2O process was studied by Heikkilä et al.[307] All the films 
consisted of the anatase phase and a preferred (110) orientation was noticed with 
increasing film thickness. Flat-band voltages of -0.22 V and -0.61 V were extracted from 
linear sweep voltammograms and electrochemical impedance spectroscopy measurements. 
A donor density of ND = 2.8 x 1025 m-3 was obtained for a 160 nm film grown on platinum 
assuming a permittivity of 40. The effect of film thickness to the photocatalytic and 
photoelectrocatalytic performance was studied. An order of magnitude increase in the 
degradation efficiency was realized when the films were biased to +0.6 V vs. Ag/AgCl. 
The photocatalytic activity was found to saturate above a film thickness of 150 nm 
whereas the photoelectrocatalytic activity saturated when the film thickness reached ~350 
nm. The photocurrent density followed a similar trend and appeared to saturate with film 
thicknesses above 350 nm. The recombination rate of the electron-hole pairs created in the 
TiO2 film can thus be significantly lowered by separating the electrons and holes by the 
external electric field. Electron-hole pairs created deeper in the film can therefore be 
utilized better in the degradation of MB. In addition to film thickness, grain and crystallite 
size was identified as a decisive parameter for formation of a well defined depletion layer 
in the film and less obstacles for hole diffusion.[307] 
 
Photocatalytic coatings on construction materials such as steel can offer useful 
functionalities such as self-cleaning, antimicrobial and corrosion protection.[308] Here the 
use of ALD may be reasonable in some cases where conformal and uniform coatings are 
needed. The decorative aspect of the coating could also be an important factor in these 
applications. Due to its large refractive index TiO2 coatings  on  steel  can  show  various  
bright interference colors depending on the film thickness. Kawakami et al. studied the 
photocatalytic activities of anatase structured TiO2 films prepared by ALD on austenitic 
stainless steels and copper alloys.[309] The process used was TiCl4/H2O but  the  growth  
temperature was not reported. Very likely it was below 300 °C because in another study 
by Matero et al. the rutile phase was reported to form at 300 °C and above when steel was 
used as the substrate in the TiCl4/H2O process.[214] The effects of film thickness, steel 
surface finish and copper alloy type to the photocatalytic MB degradation and 
photoinduced superhydrophilicity were studied. It was found that the optimum TiO2 
thicknesses for AISI 304 steel and copper alloys were 50 and 100 nm, respectively. The 
superhydrophilic properties on all substrates were generally good when the TiO2 thickness 
was 50 nm or higher.  
 
Straka et al. studied the effect of substrate deformation on the photocatalytic activity of 
anatase and rutile structured coatings on AISI 304 steel.[310] The ALD process used was 
TiCl4/H2O but the processing temperature was not reported in this case either. The 
samples were subjected to a tensile strain of 1.4 – 40 % after which the photocatalytic MB 
degradation, photoinduced superhydrophilicity and other film properties were studied. The 
photocatalytic activity of the unstrained anatase samples was considerably higher than that 
of the rutile samples. After straining the photocatalytic activity decreased as a function of 
the applied strain with both anatase and rutile coatings. Detachment of the coatings was 
more severe with anatase structured coatings than with the rutile-type and was most likely 
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the reason for the decreased photocatalytic activity after straining. Although anatase 
coatings detached more easily, their photocatalytic activity after 5 % strain was still better 
than that of the rutile samples because the anatase samples were originally more active. 
The superhydrophilic properties of the coatings also suffered considerably from the 
applied strain. 
 
Photocatalytic activities of TiO2 films prepared by ALD using TDMAT as the titanium 
precursor have also been studied.[256,257,261] Because films grown using the 
TDMAT/H2O process were all amorphous, post-deposition annealing was conducted to 
render the films crystalline and thus more photoactive.[256] The best results in the 
photocatalytic degradation of MB under UV light were obtained with films annealed at 
300 and 400 °C which contained only the anatase phase. At higher temperatures the rutile 
phase was formed and the photocatalytic activities decreased. When the TDMAT/H2O2 
process was used the highest photocatalytic activity was detected with an anatase film 
grown at 200 °C.[257] Post-deposition annealing was found to have a detrimental effect 
on the photocatalytic activity. As-deposited anatase and rutile films prepared using 
TDMAT and O2 plasma have also been reported to exhibit photocatalytic activity but it is 
doubtful that these films were prepared in the ALD mode because the deposition 
temperatures were much higher than the decomposition temperature of TDMAT.[261] 
 
The photocatalytic activities of crystalline anatase films prepared by REALD from 
Ti(OiPr)4 and O2 radicals has been studied using the methylene blue test.[254] Very weak 
activities were observed in a film grown at 300 °C. The exact reason for this observation 
remained unknown. More photocatalysis tests on PEALD and REALD grown films 
should be conducted in order to determine whether the weak activity is a general property 
of films grown by plasma and radical enhanced processes. 
 
Zirconium doped TiO2 films prepared by Qiu et al. using ALD were reported to have good 
photocatalytic activities.[273] Compared to an undoped anatase film a 50 % increase in 
the degradation of stearic acid under visible light was reported. Optical measurements also 
showed an increase in the visible light absorption in these films. This absorption was 
probably caused by the creation of some defect states, most likely oxygen vacancies, in the 
band gap of TiO2. A 390 nm cut-off filter was used in these experiments to block the UV 
component of the light source. This kind of a setup however allows some UV light to pass 
through and the visible light degradation reported is most likely due to the UV light 
instead. This is further supported by the fact that the undoped anatase film showed some 
visible  light  activity  in  the  test  as  well.  The  results  are  promising  however,  because  the  
zirconium doping clearly improved the photocatalytic activity.  
 
Good visible light absorbance was reported in nitrogen doped TiO2 films prepared by 
ALD  using  TiCl4 and  an  NH3/H2O mixture as precursors.[272] Photoelectrochemical 
studies showed that photocurrent was generated at wavelengths up to 550 nm at an applied 
potential of 0 V vs. Ag/AgCl. The films appeared also to exhibit a lowered carrier 
recombination rate as compared to the earlier studied ALD prepared TiO2-xNx [II]. The 
use of an NH3/H2O mixture as a precursor thus seems very promising in the preparation of 
photocatalytic nitrogen doped TiO2 by ALD. The ultimate test would of course be to study 
the photocatalytic activity of these films under visible and UV light without an assisting 
electric field. So far such studies have not been reported.  
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2.7 Nanostructured TiO2 photocatalysts  
There is a constantly growing interest towards various kinds of nanostructured TiO2 
materials due to their potentially enhanced and unique properties. Nanotubular TiO2 
structures in particular have received a lot of attention.[311] Template directed deposition 
is a good method for forming different kinds of nanostructures.[312] A template with the 
desired morphology and other properties is used as a structural mold to guide the material 
growth.  The  template  can  be  left  as  it  is  to  yield  a  film/template  composite  or  it  can  be  
removed by dissolving or burning in which case a replica of the initial morphology is 
created. The templates can be either man-made or they can be taken from a natural source 
in which case the term ‘biomimetics’ is often used.[313] 
 
Various methods can be used to prepare materials by template directed deposition but the 
best methods for conformal deposition on nanostructured templates are surface controlled 
chemical deposition methods such as ALD, successive ionic layer adsorption and reaction 
(SILAR) and surface sol-gel techniques.[2-7,314,315] In some cases also CVD processes 
can lead to conformal growth. Especially ALD has emerged lately as a powerful tool for 
the preparation of nanostructured materials and devices and good reviews have been 
published on the subject.[316-318] Physical line of sight deposition methods such as 
sputtering cannot be used for conformal film growth but the line of sight property can be 
exploited in the preparation of other types of nanostructured materials. Glancing angle 
deposition (GLAD) is a good example where shadowing effects are utilized to produce 
nanostructured films.[319] 
 
Photocatalytic efficiencies and other properties of photocatalytic materials can be 
modified by introducing nanoscale geometries. Increasing the active surface area is 
usually the main goal in these nanostructured materials. This is not as straightforward as in 
regular catalysis, however. In photocatalysis the active surface needs UV light to function 
so the surface area accessible to irradiation should be maximized. Ordered straight arrays 
of TiO2 coated nanowires and pores are good examples where the active irradiated surface 
area has been greatly increased using nanostructuring techniques (Figure 8). When UV 
light is irradiated along the length of the photocatalytic wire or pore walls the irradiated 
surface area becomes very large as compared to the footprint surface area. In addition to 
increased irradiated surface area, diffusion of reactants to the available surface sites should 
be maximized. Anodization of titanium in fluoride containing solutions is becoming a 
popular method to produce highly ordered TiO2 nanotube arrays with controlled 
dimensions.[311] 
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Figure 8. Cross-section of an ordered nanowire or nanopore array. (Not in scale.) 
 
Nanocrystalline TiO2 can also have improved photocatalytic properties due to quantum 
size and -confinement effects. The band gap of nanosized TiO2 crystals is wider thus 
increasing the reductive and oxidative power of photogenerated electrons and holes due to 
larger  overpotentials.  In  this  case  the  irradiation  energy  needs  to  be  higher  as  well.  
However, the critical crystal size below which quantization effects are observed in TiO2 
lies in the range of 1-2 nm.[320] A small crystal size can influence the photocatalytic 
activity also through mechanisms other than quantum confinement effects: With 
decreasing crystal size the increased amount of surface atoms as compared to bulk atoms 
can alter the optical and electrical properties of TiO2 considerably. The shapes and 
structures of nanocrystals can also have an influence on the photocatalytic properties. TiO2 
nanomaterials have been recently reviewed by Chen and Mao.[320] 
 
ALD has been exploited in the preparation of high surface area TiO2 nanotubes using 
porous alumina as templates.[VIII,321,322] The nanotubes prepared by Ng et al. were 
deposited from TiCl4 and  H2O at 150 °C.[321] Post-deposition annealing at 700 °C was 
conducted after which the photoinduced superhydrophilicity and photocatalytic activity in 
salicylic acid degradation were studied. When compared to a planar TiO2 sample 
enhanced photoactivities were detected.  
 
Santala et al. prepared magnetic and photocatalytic composite nanofibers using 
electrospinning and ALD.[323] In electrospinning a high voltage is used to draw a 
polymer solution from a syringe followed by fast evaporation of solvent and fiber 
formation on a collector plate. A magnetic and photocatalytic powder or fibre-like 
material has the advantage that it can be separated from solution after the photocatalysis 
treatment using a magnet. Electrospun NiFe2O4, CoFe2O4 and Fe2O3 were studied as the 
magnetic core and ~100 nm anatase TiO2 prepared at 250 °C from TiCl4 and H2O by ALD 
acted as the photocatalytic sheath. Polyvinyl pyrrolidone (PVP) polymer was used as a 
binder for the inorganic precursors during spinning. Coaxial nanofibers and nanoparticle 
loaded nanotubes could be made depending on whether an annealing step was performed 
before  or  after  the  ALD  growth  of  TiO2. The photocatalytic activity of the fibers was 
studied by the degradation of methylene blue. CoFe2O4 and Fe2O3 particle loaded TiO2 
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nanotubes  were  shown  to  perform  the  best  and  recycling  using  a  magnet  was  
demonstrated.[323] 
 
Undoped and doped (Ru, Si, Te, N, C and S) TiO2 nanotubes were prepared by the sol-gel 
method using a porous anodic alumina on glass as a template.[324] The sol consisted of 
titanium isopropoxide, acetylacetone, distilled water and ethanol and a suitable amount of 
dopant precursor. The templates were coated simply by dip-coating after which they were 
annealed at 500 °C to crystallize TiO2. Good photocatalytic activities in acetaldehyde 
degradation were detected the best sample being the undoped TiO2.  
 
Huang et al. have prepared nanostructured TiO2 materials using a stepwise sol-gel process 
which in principle is the solution phase equivalent of ALD.[315] Fibrous materials such as 
filter paper, cloth and cotton were used as the templates. In a typical experiment the 
template was placed in a suction filter and washed with ethanol. Next, a Ti-alkoxide 
solution was passed through the template followed by rinsing with ethanol. Then, water 
was allowed to pass through followed by another ethanol rinse. Surface controlled film 
growth occurred through hydrolysis and condensation reactions during the precursor 
exposures. The fibers were conformally coated and the thickness could be controlled by 
the number of deposition cycles. Post-deposition annealing is required to prepare 
crystalline TiO2 by this method in which case the organic template is destroyed and a TiO2 
replica of the original structure is created. In this process one cycle deposited as much as 5 
Å as measured after annealing. The photocatalytic activity was not reported but is 
expected to be good considering that highly active materials have been produced using the 
same chemistry in regular sol-gel processes.[174,175]  
 
Direct  growth  from  TiF4 solutions can be used to grow crystalline anatase films at a 
relatively low temperature of 60 °C.[199,200] Film formation through heterogeneous 
nucleation was achieved by carefully controlling the solution pH and TiF4 concentration. 
The fluoride ions were concluded to have an important effect in suppressing too vigorous 
hydrolysis reactions and also in the formation of crystalline anatase. The structures in 
cotton fibers, cellular tissues of plant veins and porous anodized alumina could be coated 
by an anatase film by this technique. Relatively thick films of around 500 nm were 
required to prevent the structures from collapsing during annealing because the films 
consisted of quite loosely bound anatase nanoparticles. On the other hand, the annealing 
step is not necessarily needed because the films were already crystalline. The BET surface 
area of the annealed samples was quite large (50–70 m2/g) which would be an advantage 
in photocatalytic applications. Indeed, hollow TiO2 fibers performed better than a glass 
slide coated with a TiO2 thin film in the photocatalytic oxidation of nitrogen 
monoxide.[200] 
 

2.8 Transparent conducting oxides 
Transparent conducting oxides (TCO) are widely used in liquid crystal displays (LCD) 
and other flat panel displays, light emitting diodes (LED) and solar cells. Indium tin oxide 
(ITO, In2O3:Sn) is commonly used in TCO applications because of its good properties 
such as low resistivity, good transparency and ease of preparation at low temperatures 
using sputtering. The world’s indium reserves are very limited however and a serious 
indium shortage is expected in the near future because of the constantly growing solar cell 
and flat panel display markets. Alternative TCO materials have therefore been searched 
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intensively over the years.[325] The alternative TCO materials include doped ZnO, CdO, 
Ga2O3, SnO2 and also TiO2.  
 
Typically TCO thin films are prepared by physical vapor deposition methods but recently 
also ALD processes for TCO materials have been studied.[X,326-331] New types of 
devices in solar cell applications for example might require more control over the 
deposition process of the TCO material than what is possible with the common sputtering 
methods. Applications in thin film electroluminescent (TFEL) displays [5-7], transparent 
electronics [332] and photoelectrochemistry might also benefit from conformal ALD 
processes for TCO materials. So far, ALD processes for ITO [328-331], ZnO:Al [326] and 
ZnO:B [327] have been developed. Resistivity values of 2.3x10-4 cm [329], 8x10-4 

cm [326] and 7.5x10-4 cm [327] have been reported for ITO, ZnO:Al and ZnO:B, 
respectively. 
 
Niobium doped TiO2 was recently identified as a promising TCO material by Furubayashi 
et al.[333] The resistivity of this single crystalline epitaxial Ti0.94Nb0.06O2 film on SrTiO3 
prepared by pulsed laser deposition (PLD) was ~2.3x10-4 cm which is comparable to 
the resistivity of polycrystalline ITO films (~1-3x10-4 cm).[333] Gillispie et al. used rf 
magnetron sputtering to grow Nb doped TiO2 epitaxially  on  SrTiO3.[334] The optimum 
composition in this case was reported to be Ti0.85Nb0.15O2 which  had  a  resistivity  of  
3.3x10-4 cm.[334] The optical transparency of the both epitaxially grown niobium 
doped TiO2 materials was shown to be very good.[333,334]  However, single crystalline 
films are difficult to prepare and for practical use polycrystalline films are needed. 
Depending on the deposition method the resistivities of polycrystalline TiO2:Nb films 
deposited on glass substrates range from 5x10-4 to 2x10-3 cm.[X,335-338] Conducting 
TiO2:Nb films have been prepared also on polyimide substrates using sputtering.[339] 
 
In some cases new TCO materials can also have improved properties over ITO. 
Conducting TiO2:Nb films have been shown to improve the photoconversion efficiency of 
dye-sensitized solar cells (DSSC) when used as an interface layer between an ITO 
electrode and TiO2 nanoparticles.[340] The improvement was reported to be caused by the 
creation of an ohmic contact between the TiO2:Nb film and the ITO electrode and on the 
other side by the existence of a homojunction between TiO2:Nb  and  the  pure  TiO2 
layers.[340] The TiO2:Nb films prepared by PLD were also shown to protect the ITO layer 
from oxidation during air annealing at 450 °C thus conserving its high conductivity.[340] 
In addition to the TCO applications, ALD made electrically conducting TiO2 films might 
also find use as thin interfacial layers between metal electrodes and titanium oxide 
containing high permittivity dielectrics and ferroelectrics (e.g., BaTiO3, SrTiO3 and 
Pb(Zr,Ti)O3).[X,10] 
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3 Experimental 

3.1 Film growth 
The films were deposited in flow-type F-120 ALD reactors (ASM Microchemistry Oy, 
Helsinki, Finland).[4] The reactor was operated under a pressure of about 10 mbar using 
nitrogen (99.9995 %) as a carrier and purging gas. Borosilicate glass [I-IV,IX], soda lime 
glass [IV], silicon with native oxide [IV,IX], sputtered ITO on glass [I-III] and thermally 
oxidized silicon wafers [X] were used as the substrates for TiO2 growth. For TiS2 growth, 
soda lime glass, native oxide covered silicon and ALD prepared thin films of ZnS, Rh, Ir, 
Pd,  Pt,  Ru  and  TiN  were  used.[V] Ti(OMe)4 (95 %, Aldrich), TiF4 (98 %, Strem 
Chemicals Inc.), Nb(OEt)5 (ABCR) and Ta(OEt)5 (Aldrich) were evaporated from open 
vessels inside the reactor at 130, 140, 90 and 105 °C, respectively, and pulsed onto the 
substrates by means of inert gas valving [4]. TiCl4 (99.9 %, Aldrich) was evaporated from 
an external reservoir thermostated to 21 °C and pulsed with a solenoid valve. Noble metals 
were deposited using Ir(acac)3 and MeCpPtMe3 (Strem Chemicals) at source temperatures 
150 and 25 °C, respectively. H2O,  O2 (99.999%, Oy Aga Ab), H2S (99.99%, Messer 
Griesheim) and NH3 (99.999%, Oy Aga Ab) were held in external reservoirs at room 
temperature and led into the reactor through needle and solenoid valves. The gaseous 
precursors were led through mass flow meters to adjust the flow rates.  
 
Nanostructured photocatalysts were prepared by depositing TiO2 thin films using 
Ti(OMe)4 and  H2O  on  various  commercial  and  home-made  templates.  In  refs.  [VI] and 
[VII] an ashless filter paper (Schleicher & Schuell 589/2) was used as the substrate 
material. In ref. [VIII]  Whatman AnodiscTM alumina membranes (disk diameter 13 mm, 
thickness 60 µm, pore diameter about 0.2 µm), home-made thin film porous alumina and 
Ni nanowires prepared by electrodeposition were used. Details of the home-made template 
fabrication processes can be found in [VIII]. 
 

3.2 Characterization methods 
Film compositions and impurities were studied by time-of-flight elastic recoil detection 
analysis (TOF-ERDA, 5-MV tandem accelerator EGP-10-II) [341,342], X-ray 
photoelectron spectroscopy (XPS, Physical Electronics Quantum 2000), time-of-flight 
secondary ion spectrometry (Physical Electronics TOF-SIMS TRIFT II) and energy 
dispersive X-ray analysis (EDX, INCA Energy 350). A GMR electron probe thin film 
microanalysis program was used to calculate film compositions and thicknesses from the 
k-values obtained from the EDX measurements.[343] 
 
Crystallinity was studied using X-ray diffraction (Philips MPD 1880, Bruker D8 Advance 
and PANalytical X’Pert Pro MPD) using CuK  radiation. A grazing incidence mode with 
an  incident  angle  of  1°  was  typically  used  for  thin  films  on  flat  substrates,  whereas  

scans were measured for nanostructured samples. EBSD analysis was performed 
using a Nordlys II digital EBSD detector in a Zeiss Ultra 55 field emission scanning 
electron microscope. HKL Channel 5 software was used for data acquisition and analysis. 
 
Transmittance spectra were measured with a Hitachi U-2000 spectrophotometer in a 
wavelength range of 190 - 1100 nm. Film thicknesses were determined by fitting [344] 
transmittance spectra in a wavelength range of 400 - 1100 nm. Band gap values were 
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estimated by an extrapolated plot of ( h )1/2 versus h  for indirect transition where  = 
absorption coefficient, h = Planck’s constant and  = frequency.[345,346] Surface 
resistances were measured with a CPS four-point probe (Cascade Microtech Inc.) and 
Keithley 2400 SourceMeter. Film morphology was examined with a Hitachi S-4800 field 
emission scanning electron microscope (FESEM) and a Digital Instruments Nanoscope III 
atomic force microscope (AFM).  
 

3.3 Photocatalytic activity measurements 
Photocatalytic degradation measurements in the liquid phase were performed with an 
aqueous solution of methylene blue (MB, C16H18N3Cl, Oy Rohdoskeskus Ab). In the case 
of planar TiO2 samples a film with an area of 23 cm2 was placed at the bottom of a beaker 
and 25 ml of the methylene blue solution (initial concentration C0 = 1.0·10-5 M)  was  
poured on top of the film. The TiO2 film was illuminated from top of the beaker, through 
the unstirred solution. UV illumination was done with 18 or 20 W (Sylvania Blacklight 
Blue, General Electric F20T12/BLB) UV lamps which emit at wavelengths 340-410 nm 
with a peak maximum at 365 nm. The UV irradiance on the film surface was measured to 
be 0.8 mW/cm2 (HD9021 radiometer, LP9021 UVA detector, Delta Ohm). The 
concentration of methylene blue was determined by absorbance measurements in a 
separate 1 cm cuvette at the maximum absorbance wavelength 665 nm. In the case of 
nanostructured photocatalysts the sample size was smaller (0.2-1.0 cm2) and the tests were 
conducted inside a 1 cm cuvette using 3 ml of MB solution. Irradiation was conducted 
through the cuvette windows (~1.5 mW/cm2) and the same cuvette was also used to 
measure the MB absorbance. 
 
Solid state photocatalytic activity measurements were performed using a thin layer of 
stearic acid (CH3(CH2)16CO2H, Aldrich,  95  %).  The  stearic  acid  layer  was  dispersed  on  
the TiO2 surface by spin-coating (P6204 Spin-coater, Specialty Coating Systems). Stearic 
acid was dissolved into methanol (8.8·10-3 M) and 200 µl of this solution was dropped on 
the central part of the sample, followed by 2 min rotation with a speed of 1000 rpm. This 
results in a uniform stearic acid layer of approximately 20 nm in thickness. The change in 
stearic acid layer thickness was monitored by measuring infrared absorption spectrum in a 
transmission  mode  by  a  PerkinElmer  Spectrum GX FTIR instrument.  The  absorbance  at  
2917 cm-1 was converted to a thickness on the basis of an earlier observation that an 
absorbance of 0.01 corresponds to a thickness of 12.5 nm.[176,177] The UV irradiance on 
the film surface was 0.8 – 1.1 mW/cm2. Two 18 W fluorescent lamps (Airam, warm 
white) with a 405 nm cut-off filter (Edmund Optics, T39-427) were used as the visible 
light source. Under these lighting conditions the visible light irradiance was measured to 
be 3.0 mW/cm2 (LP9021 RAD detector) and no UV component (<400 nm) was detected 
with the radiometer. Water contact angles were measured by the sessile drop method 
(CAM 100, KSV Instruments).  
 
Photoelectrochemical measurements were performed with an Autolab PGSTAT20 
potentiostat using a three electrode setup. The reference and counter electrodes were 
Ag/AgCl and platinum, respectively. Samples grown on an ITO substrate were used as the 
working electrodes. 70 ml of 0.1M KCl aqueous solution was used as the electrolyte. In 
the I-V measurements the sample was irradiated through the substrate with chopped (7 s 
on/7  s  off)  visible  light  and  the  current  density  as  a  function  of  applied  voltage  was  
measured. A 50-W halogen lamp (Philips) with a 435 nm cut-off filter (Edmund Optics, 
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GG 435) was used as the visible light source. The scanning speed was 5 mV/s. Incident 
photon to current efficiency (IPCE) measurements were conducted by irradiating the 
sample using the halogen lamp with a known irradiance at various wavelengths with the 
aid of a monochromator (SPEX Industries Inc., model 340S) and measuring the current at 
0.6 V vs. Ag/AgCl. IPCE was calculated from the photocurrent by the equation: 
 

IPCE ( ) = 1240 x j( )/ I0( ) x 100       (3) 
 
where is the wavelength of light in nm, j( ) is the photocurrent density in mA cm-2 
under irradiation at  and I0( ) is the incident light intensity in mW cm-2.[83] 
 
Photocatalytic biofilm removal was studied using Deinococcus geothermalis E50051 
(HAMBI 2411) as the model bacterium.[IX] The biofilm covered samples were irradiated 
with  0.1  mW cm-2 UV light (365 nm) for 20 h. Reference samples without a TiO2 film 
were also prepared where the biofilms were kept in the dark for 20 h. The appearance of 
the model bacteria after photocatalysis was studied using a Hitachi S-4800 FESEM. For 
quantification, the emitted fluorescence of biofilms stained with a nucleic acid stain 
SYTO9 (Molecular Probes, Leiden, The Netherlands) was measured. More details on the 
experimental methods can be found in [IX]. 
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4 Results and discussion 
The main goal of this work was to develop ALD processes for the preparation of efficient 
UV and visible light active TiO2 photocatalysts. The use of two new titanium precursors 
(Ti(OMe)4 and TiF4) for the ALD of TiO2 were demonstrated.[I, IV] In order to increase 
the visible light absorption in TiO2, films doped with N, S and F were prepared and 
characterized.[II-IV] Photocatalytic activities under UV and visible light of all the new 
undoped and doped TiO2 films were investigated. An ALD process for TiS2 films was 
developed as a byproduct from the S doping studies.[V] The Ti(OMe)4/H2O process was 
exploited in the preparation of various nanostructured photocatalysts [VI-VIII] and it was 
also used to prepare electrically conducting Ti1-xNbxOy and Ti1-xTaxOy mixed oxides [X]. 
Chapter 4.1 describes all the atomic layer deposition processes developed in this work. 
The photocatalytic properties of the prepared TiO2 thin films and nanostructures are 
discussed in chapters 4.2 and 4.3. The growth and properties of the electrically conducting 
Ti1-xNbxOy and Ti1-xTaxOy  films will be described in 4.4. The explosive crystallization of 
Ti1-xNbxOy and Ti1-xTaxOy  films is discussed in 4.5. 
 

4.1 Atomic Layer Deposition processes 

4.1.1 Ti(OMe)4/H2O process [I] 
ALD  of  TiO2 from Ti(OMe)4 and  H2O was studied at 200 – 400 °C.[I]  Growth  rate  
increased from 0.4 Å/cycle at 200 °C to 0.65 Å/cycle at 350 °C. Saturation of the growth 
rate was observed at 250 and 350 °C when the Ti(OMe)4 pulse length was increased. A 
narrow ‘ALD-window’ was observed at 250 - 300 °C where the growth rate was 
independent of temperature. This observation is similar to that reported for the 
Ti(OiPr)4/H2O process.[244] The films prepared at 250 °C and above had very low 
amounts of carbon ( 0.2 at.%) and hydrogen ( 0.6 at.%) impurities. The onset of 
crystallization was observed at 225 °C above which the anatase phase was formed in the 
films. The intensity of the (101) reflection was higher in the films deposited at 250 and 
300  °C  than  in  the  film  prepared  at  350  °C  where  a  small  amount  of  decomposition  of  
Ti(OMe)4 was present. Film growth via exchange reactions only in pure ALD mode seems 
to produce a more ordered crystalline structure than the case where some decomposition 
also occurs. The same observation has been made by Ritala et al. in the case of the 
Ti(OEt)4/H2O process.[241] 
 
On a borosilicate substrate the plot of film thickness vs. number of ALD cycles at 350 °C 
was linear and a growth rate of 0.64 Å/cycle could be derived by fitting a straight line 
(Figure 9a). The growth rate is thus linearly dependent on the number of cycles as required 
by an ALD process. A small incubation period in the beginning of growth is suggested by 
the intercept of the fit line and x-axis at 120 cycles. Aarik et al. reported a lower growth 
rate for amorphous TiO2 than for crystalline anatase in the Ti(OEt)4/H2O process.[243] 
This effect is probably also responsible for the small incubation period observed in Figure 
9a because the film most likely grows as amorphous TiO2 during the first deposition 
cycles.  
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Figure 9. a)  Thickness  of  TiO2 films as a function of the number of cycles. b) rms 
roughness  of  TiO2 films as a function of thickness. The films were prepared from 
Ti(OMe)4 and H2O at 350 °C (a) and 325 - 350 °C (b). (unpublished results) 
 
Surface morphologies of TiO2 films with different thicknesses prepared at 325 – 350 °C 
were studied by AFM (Figure 10). The rms roughness as a function of film thickness 
increases faster with thinner films due to crystallite growth and then starts leveling off 
when going to higher thicknesses above 300 nm (Figure 9b). 
 

 
Figure 10. AFM images of TiO2 films prepared from Ti(OMe)4 and H2O at 325 - 350 °C 
with different thicknesses. a) 10 nm b) 100 nm c) 300 nm and d) 500 nm. (Images by J. 
Katainen, HUT) 
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The refractive indices of the films grown at 275 °C were very high, above 2.5 at the 
wavelength of 580 nm, indicating that the films were dense and of high quality. Film 
resistivities were quite low, between 0.1 – 21  cm. The values most likely indicate 
creation of oxygen vacancies during deposition. Post-deposition annealing in air at 500 °C 
rendered the films much more resistive, so that no reading could be obtained with a four-
point probe (> 10 k  cm). The Ti(OMe)4/H2O process yields TiO2 films also at 150 °C in 
which case a growth rate of 0.3 Å/cycle was observed.[VI] This is the minimum practical 
deposition temperature because an evaporation temperature of 130 °C is required for 
Ti(OMe)4.  
 
In addition to photocatalytic films, the Ti(OMe)4/H2O ALD process has been found 
suitable for many other applications. It has been used to grow ultrathin copper diffusion 
barriers [347], multicomponent high-k oxides BaTiO3 [277,279], SrTiO3 [10,291-293], 
Ba(1-x)SrxTiO3 [10] and conducting oxides Ti1-xNbxOy and Ti1-xTaxOy [X].  In  the  case  of  
BaTiO3 and SrTiO3 scale-up on 200 and 300 mm production scale wafers with good 
results have been reported.[279,291-293] Especially the thermal stability of Ti(OMe)4 
over the other titanium alkoxides is an advantage. 
 

4.1.2 Ti(OMe)4/H2S process 
In an attempt to prepare sulfur doped TiO2 films the reactivity of Ti(OMe)4 towards H2S 
was studied at 275 – 400 °C.(unpublished results) It was found that TiO2 films  could  be  
grown at all the studied temperatures. Apparently, the oxygen originates from the 
methoxide groups of the titanium precursor. The growth rate increased steadily as the 
temperature was raised and no ALD window was observed (Figure 11a). This behaviour is 
different from that observed in the Ti(OMe)4/H2O process.[I] A different growth 
mechanism is expected with H2S because less hydroxyl groups are probably present 
during the growth. The refractive indices of the films grown at 275 – 375 °C were slightly 
larger  than  in  the  films  grown using  H2O which indicates that the films were very pure 
(Figure 11b). No sulfur could be found in the films when measaured by EDX. Because 
Ti(OMe)4/H2S is a halogen-, water- and oxygen-free process for TiO2 it  could  be  
interesting to study the dielectric properties of the films. 
 

 
Figure 11. Growth rate (a) and refractive index (b) as a function deposition temperature 
for Ti(OMe)4 + H2S ( ) and Ti(OMe)4 + H2O ( ) processes. (unpublished results) 
 
For comparison, the temperature series for the H2O based process was repeated because a 
different ALD reactor was used in these experiments (open circles in Figure 11a). Small 
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differences to the previously reported temperature behaviour [I] can be seen. These 
differences can be explained by slight variations in the reactor geometries and temperature 
profiles. Small differences in the source temperatures cause different precursor doses. 
Probably the Ti(OMe)4 dose in these later experiments was slightly lower because the 
growth rate at the Ti(OMe)4 decomposition temperatures (350 – 400 °C) was lower than in 
ref  [I].  This  is  caused  by  the  fact  that  the  growth  rate  in  a  decomposition  CVD-type  of  
process is dependent on the precursor dose. 
 

4.1.3 TiF4/H2O process [IV] 
ALD of TiO2 using TiF4 and H2O was studied at a temperature range of 300 – 500 °C.[IV] 
Because the reaction by-product HF and also TiF4 at high temperatures are quite corrosive 
the growth behaviour was studied on two different glass substrates: soda lime and 
borosilicate. It was found that the growth was more ideal ALD type on borosilicate than 
on soda lime. The growth rate on borosilicate was almost constant at 300 – 400 °C and a 
subtle increase was observed when the temperature was raised to 500 °C. The growth on 
soda lime, on the other hand, was much more dependent on temperature and increased 
linearly as the temperature was raised. The differences in the growth mechanisms between 
the  two  glass  substrates  were  also  evident  from  the  results  of  the  TiF4 pulse length 
experiments performed at 400 °C. The growth rate saturated in both cases confirming the 
ALD growth mode but the saturated growth rates were different: 0.8 – 0.9 Å/cycle on 
borosilicate and 1.1 – 1.3 Å/cycle on soda lime. Separate growth experiments on various 
other substrates (Al2O3/Si, SiO2/Si, H-terminated Si) resulted in growth rates of ~0.8 
Å/cycle or less indicating that the growth rate enhancement was unique to soda lime glass.  
 
H2O pulse length experiments were also conducted on both glasses at 400 °C.[IV] It was 
found that the growth was much more dependent on the water exposure on soda lime than 
on borosilicate glass. These findings together with thermodynamic calculations [348] led 
to a proposed growth mechanism where in addition to the normal exhange reactions 
between TiF4 and H2O some extra reactions occurred between TiF4 and sodium species in 
the soda lime glass. These extra reactions had an influence to the film crystal structure as 
well.  The  films  grown  at  300  °C  were  weakly  crystalline  anatase  on  both  glasses.  At  
higher temperatures the rutile phase started to form on soda lime whereas the films on 
borosilicate were mainly anatase also at 500 °C. 
 
Small amounts of fluorine residues could be detected in the films using EDX.[IV] The 
amount of fluorine in the films deposited at 400 – 500 °C was so small, however, that a 
reliable quantification was not possible. The best estimate of the fluorine content in these 
films  is  between  0  –  1  at.%.  In  the  films  deposited  at  300  °C  the  fluorine  content  was  
higher, 1.3 and 1.6 at. % for the films on borosilicate and soda lime, respectively. In cases 
where impurities can have beneficial effects the term ‘doping’ is often used. Thus, films 
prepared from TiF4 and water can be regarded as fluorine doped TiO2. 
 

4.1.4 TiCl4/(H2O, NH3) process [II] 
Nitrogen doped TiO2 films were prepared [II] by combining previously reported TiCl4 
based ALD processes for TiO2 [220] and TiN [349]. Anatase films were produced at 500 
°C and the amount of nitrogen could be controlled by varying the TiN and TiO2 cycle 
ratio. Nearly all TiN produced in the TiCl4/NH3 cycle gets oxidized during the following 
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TiCl4/H2O cycle but depending on the cycle ratio a small amount of nitrogen remains in 
the film. By using a 1:1 TiO2:TiN cycle ratio a TiO2:N film with 0.8 at.  % nitrogen was 
produced. XPS analysis revealed that approximately 50 % of the doped nitrogen was 
substitutionally incorporated at the oxygen sites as N3- and the other half  as molecularly 
chemisorbed N2.[II] Similar compositions have been reported for visible light active 
TiO2:N films prepared by other methods.[68] Especially substitutional nitrogen atoms 
have been recognized to be important for achieving visible light photocatalytic activity 
although contradicting reports also exist.[68,89,102-105] As compared to undoped TiO2 
the absorption in the films was red-shifted and the band gaps decreased by the 
incorporation of nitrogen.[II] 
 

4.1.5 TiCl4/(H2O, H2S) process [III] 
In an attempt to prepare sulfur doped TiO2 films H2S was applied as a precursor together 
with TiCl4 and H2O using different types of cycling sequences.[III] The precursors were 
either pulsed separately, TiCl4-purge-H2S-purge-H2O-purge for example, or a H2O/H2S 
mixture was used after the TiCl4 pulse.  XPS measurements  revealed  that  the  amount  of  
sulfur doped in the films was very low and appeared to be located mainly in the surface 
region. The bulk sulfur content fell below the detection limit of the XPS instrument used. 
A more sensitive method, TOF-SIMS, revealed that a trace amount of sulfur was doped 
throughout the whole film. Though only little sulfur was incorporated, the use of H2S in 
the TiCl4/H2O process had quite an influence on the crystal structure of the resulting films. 
The  formation  of  the  rutile  phase  and  the  degree  of  crystallinity  seemed to  be  enhanced  
when H2S was applied. 
 

4.1.6 TiCl4/H2S process [V] 
While studying the TiO2:S process [III] it became evident that TiS2 films can be grown by 
ALD using TiCl4 and H2S.[V] Due to its layered crystal structure TiS2 has been applied as 
an intercalation material in lithium ion batteries and it has also been used as a solid 
lubricant.[350,351] The growth of TiS2 was studied in more detail because no ALD 
processes had been reported for this material before. There is a connection to 
photocatalysis as well because TiS2 is  a  precursor  material  for  the  preparation  of  sulfur  
doped TiO2 through oxidative annealing.[119-121] Film growth proceeded at 400 - 500 °C 
on various substrates with a growth rate between 0.1 – 0.3 Å/cycle.[V] Hexagonal (001)-
oriented films were grown on ALD made ZnS and Pt films whereas a more randomly 
oriented structure resulted on soda-lime glass, iridium, rhodium, palladium, ruthenium, 
and TiN surfaces.  XRD measurements revealed also the presence of anatase TiO2 in the 
films on Ir and Pt. The different morphologies of films grown on soda lime glass and ZnS 
can be seen in Figure 12. 
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Figure 12. FESEM images of TiS2 thin films grown on (a-c) bare and (d-f) ZnS covered 
soda lime glass.[V] Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 
 
The conformality of the TiS2 process was studied by using a porous alumina membrane 
with an aspect ratio of 300:1 as a substrate.[V] The amount of TiS2 deposited  was  not  
uniform throughout the pore lengths. Probably the randomly oriented platelike TiS2 
crystallites started to block the pores at some point during growth thus inhibiting the flow 
of precursors inside the membrane. Nevertheless, all the inner surfaces of the entire 60 µm 
thick alumina membrane were shown to be coated by TiS2.  
 
The preparation of sulfur doped TiO2 films was attempted by annealing TiS2 films in air at 
200 - 400 °C.(unpublished results) The TiS2 films were deposited at 400 °C on soda lime 
glass substrates using a ZnS starting layer (grown with ALD by applying 200 cycles of 
ZnCl2 and H2S). The transmittance spectra indicated that in the sample annealed at 200 °C 
a large fraction of TiS2 was still present because its transmittance was low. Samples 
annealed at higher temperatures were transparent with a transmittance of over 60 % in the 
whole visible range, indicating that all TiS2 had oxidized to TiO2. XRD measurements 
were in line with transmittance measurements showing both hexagonal TiS2 and anatase 
TiO2 reflections  in  the  film annealed  at  200  °C,  and  only  the  anatase  TiO2 phase in the 
films annealed at higher temperatures.  
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4.2 Photocatalytic properties 
The photocatalytic properties of TiO2 films prepared by all the processes discussed above 
were characterized. Methylene blue in aqueous solution and solid stearic acid were used as 
the model compounds to study the UV light activities of TiO2 films prepared by the 
Ti(OMe)4/H2O process (section 4.2.1).[I]  In  the  case  of  the  N,  S  and  F  doped  TiO2 
processes only stearic acid was used to assess the UV and visible light activities (sections 
4.2.2, 4.2.3, 4.2.4).[II-IV]  The  photocatalytic  properties  of  the  films  prepared  by  the  
different processes are compared and discussed in section 4.2.5. 
 

4.2.1 TiO2 films [I] 
Ti(OMe)4 is a good precursor for the preparation of photocatalytic anatase TiO2 films.[I] 
Photocatalytic degradation of methylene blue and stearic acid under UV light proceeded 
readily using thin films grown with water at 250-350 °C (Figure 13). Amorphous films 
prepared at lower temperatures did not exhibit any photocatalytic activity. Subtle 
differences between the different deposition temperatures were seen but it is difficult to 
conclude exactly which one is the best because the photocatalytic activity is a complicated 
function of film thickness, crystallinity, roughness and impurities. Also, the model 
compound  can  have  an  effect.  For  example,  the  film  prepared  at  325  °C  was  the  most  
efficient in the degradation of methylene blue whereas a deposition temperature of 275 °C 
seemed to give the best result in the stearic acid test. Generally, the films prepared at 250 
°C were distinctively less active and good photocatalysts were produced when the 
deposition temperature was 275 – 350 °C. Increasing the film thickness to ~100 nm 
increased also the photocatalytic activity. Above 100 nm, the thickness had only a minor 
effect.[I,307].  A piece  of  Pilkington  ActivTM self-cleaning glass was used as a reference 
sample in the studies. Most of the ALD prepared films performed better but the activity of 
the ActivTM glass should be appreciated given its small TiO2 film thickness of only 15 nm. 
 

 
Figure 13. Photocatalytic degradation of a) methylene blue and b) stearic acid under UV 
light using TiO2 films prepared from Ti(OMe)4 and  H2O at various temperatures.[I] 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
 
Photocatalytic activity of a ~100 nm TiO2 film grown from Ti(OMe)4 and H2O at 350 °C 
was studied further under indoor lighting conditions.(unpublished results) The sample was 
coated by stearic acid and simply kept on an office table with the ordinary fluorescent 
lights on in the room. Some UV light could also reach the samples from outside through 
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the windows. The disappearance of stearic acid was monitored by infrared spectroscopy. 
Pieces of the Pilkington ActivTM self-cleaning glass and uncoated borosilicate glass were 
subjected to the same test procedure. The UV-A irradiance (at 315 – 400 nm) was 
measured to be between 2 - 20 µW/cm2 at the samples. Slow but noticeable degradation of 
stearic acid took place under these conditions (Figure 14). The degradation rates for ALD 
TiO2 and ActivTM glass were 0.4 and 0.08 nm/h whereas on the bare borosilicate glass the 
stearic acid layer remained unchanged. The photocatalytic self-cleaning effect can thus be 
utilized using standard indoor lighting only. The relatively low degradation rates may limit 
this kind of applications though. 
 

 
Figure 14. Photocatalytic degradation of stearic acid by ALD TiO2 and ActivTM glass 
under typical office fluorescent lighting. (unpublished results) 
 
For comparison, TiO2 films prepared from Ti(OMe)4 and from two other widely used 
titanium precursors, Ti(OiPr)4 and TiCl4, were subjected to the methylene blue degradation 
test under UV irradiation.(unpublished results) No major differences in the photocatalytic 
activities could be seen between crystalline TiO2 films of similar thickness (~100 nm) 
(Figure 15). Amorphous films did not exhibit photocatalytic activity (not shown). In 
addition to Ti(OMe)4, various titanium precursors can thus be used to prepare active TiO2 
photocatalysts by ALD provided that crystalline films are produced. Long term stability of 
ALD grown TiO2 films was also verified in this test. The films prepared from Ti(OiPr)4 
and TiCl4 were deposited approximately 10 years prior to the photocatalytic activity 
measurements.[220,244]  
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Figure 15. Photocatalytic degradation of methylene blue under UV light with TiO2 films 
prepared by different ALD processes. (unpublished results) 
 

4.2.2 TiO2:N films [II] 
All the nitrogen doped TiO2 films  prepared  in  this  work  from  TiCl4,  H2O  and  NH3 
exhibited inferior photocatalytic activities under UV light as compared to the undoped 
films.[II] When visible light irradiation was used stearic acid was not degraded at all even 
though the films did absorb visible light. Photoelectrochemical experiments were 
conducted to study the behaviour of the ALD prepared TiO2:N films further. Linear sweep 
voltammetry under chopped visible light gave indications of an increased recombination 
rate as compared to the undoped TiO2.[II]  Similar features,  but to a smaller extent,  have 
also been observed by Cheng et al. in ALD TiO2:N films prepared from TiCl4 and 
NH3/H2O mixture.[272]  
 
Visible light active TiO2:N films could be obtained by growing a TiN film and subsequent 
annealing in air at 500 °C.[II] The TiN film oxidizes during annealing leaving some doped 
nitrogen in the TiO2 structure. Similar oxidative annealing of TiN has been reported in the 
literature as a way to prepare visible light active TiO2:N photocatalysts and was therefore 
used as a reference sample in this work.[75,90] One hour air annealing at 500 °C oxidized 
the ALD prepared 100 nm TiN film only partially as deduced from XRD measurements 
where both the cubic TiN and rutile TiO2 phases were seen. After annealing for 5 h only 
the rutile TiO2 phase was seen. This 5 h annealed sample did possess some activity under 
visible light irradiation.[II] 
 

4.2.3 TiO2:S films [III] 
The photocatalytic activities of the TiO2:S films prepared from TiCl4, H2O and H2S were 
found to be excellent.[III] All the films prepared at 400 – 500 °C possessed visible light 
activity in the degradation of stearic acid. The highest visible light activities were achieved 
with the films prepared using the H2O/H2S mixture. Approximately 6 nm of stearic acid 
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was destroyed during a 24 h irradiation period. Interestingly, very high photocatalytic 
activities under UV light were seen when the H2O:H2S flow ratio was approximately 1:7 
and the pulse length of the H2O/H2S mixture 1 s or longer. These highly active films 
consisted of a mixture of anatase and rutile thus enabling the synergetic effect of the two 
phases. However, films with very similar crystal structure and surface morphology 
prepared using shorter H2O/H2S pulse times were much less active indicating that more 
recombination centers were present in these films. These results suggest that even though 
a certain pulse length is long enough to provide a reasonable, almost saturated growth rate, 
other film properties which affect the photocatalytic activity can require longer pulse times 
to develop.[III]  
 
Similar to the preparation of nitrogen doped TiO2 from TiN, oxidative annealing of TiS2 
has been reported to result in visible light active sulfur doped TiO2 materials.[119-121] 
TiO2:S samples prepared in this work by oxidative annealing of TiS2 films did possess 
some photocatalytic activity in the degradation of stearic acid under visible light and the 
best activities were achieved with films annealed at 250 – 300 °C.(unpublished results) 
Approximately 2.5 nm of stearic acid was degraded during a 24 h irradiation period. TiS2 
films annealed at 200, 350 and 400 °C did not work under visible light. Photocatalytic 
activity under UV light was only modest – the best sample which was annealed at 250 °C 
had a degradation rate of only 3.5 nm/h (Figure 16). Formation of UV light induced 
superhydrophilicity was also examined and found to be very slow. A water contact angle 
below  10°  could  be  reached  only  with  the  sample  annealed  at  300  °C  and  after  a  long  
irradiation time of 19 h. The photocatalytic properties of the TiO2:S films prepared by the 
oxidative annealing of TiS2 were thus inferior as compared to the directly deposited 
TiO2:S films.[III] Low crystallinity was probably the main reason for the weak 
photocatalytic activities of the former.  
 

 
Figure 16. Photocatalytic degradation of stearic acid under UV light using TiS2 films 
annealed at different temperatures in air. (unpublished results) 
 
The photocatalytic activities of the films deposited using Ti(OMe)4 and H2S were studied 
by the stearic acid tests under UV and visible light irradiation. (unpublished results) When 
UV light was used the activities of the films deposited at 375 and 400 °C were comparable 
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to the films prepared using H2O.[I] Thus, the films that had been grown to a large extent 
through self-decomposition of Ti(OMe)4 were photocatalytically active. The activities of 
the films prepared below 375 °C were inferior to these two. None of the films exhibited 
visible light activity in the degradation of stearic acid. 
 

4.2.4 TiO2:F films [IV] 
The films grown from TiF4 and H2O on borosilicate glass at 400 and 500 °C showed the 
highest photocatalytic activities among the fluorine doped samples in the degradation of 
stearic acid under UV irradiation with initial degradation rates of 25 and 23 nm h-1.[IV] 
Both of these films consisted mainly of the anatase phase,  which is generally considered 
more active than rutile. Films grown on soda lime glass had lower activities than those on 
borosilicate. Initial degradation rates of 6 and 15 nm h-1 were obtained for the films grown 
at 400 and 500 °C. It is worth noting that the rutile film grown at 500 °C was much more 
efficient  than  the  anatase/rutile  film  grown  at  400  °C.  Usually,  the  rutile  phase  of  TiO2 
shows weaker photocatalytic activity than pure anatase or anatase/rutile mixtures. Films 
grown at 300 °C were very poor photocatalysts, which could be attributed to their weak 
crystallinity. 
 
As fluorine doping has been reported to induce visible light activity and have also other 
positive effects on the photocatalytic activity of TiO2, the TiF4/H2O process process seems 
promising because the dopant already exists in the titanium precursor and no additional 
precursors are needed. Indeed, visible light photocatalytic activity was detected with the 
films grown at 400 – 500 °C.[IV] The best activity was measured for a rutile structured 
film grown on soda lime glass at 500 °C. A significant result is also the finding that 
anatase structured films prepared at 400 and 500 °C on borosilicate glass were able to 
decompose 2.0 – 2.5 nm of stearic acid in 24 h under visible light. The band gaps of these 
anatase films were measured to be 3.3 eV (=376 nm). Because the irradiation wavelength 
in the visible light test was above 400 nm, the excitation of these films must have occurred 
through impurity states within the band gap. 
 

4.2.5 Comparison of ALD prepared photocatalysts 
UV and visible light activity of representative samples from the different processes 
developed in this study are compared in Table 2. Under visible light the most active 
sample appears to be the TiO2:S film which degraded over 6 nm of stearic acid in 24 
h.[III] The second best one is the TiO2:F film with almost 6 nm of stearic acid degraded in 
the same time.[IV] Both of these samples consisted mainly of the rutile phase. The band 
gap of rutile is 3.0 eV which corresponds to a wavelength of 413 nm. Some weak 
absorption in rutile could therefore occur under the test conditions because a small 
component at 405 nm was present in the irradiation used. The existence of the rutile phase 
alone does not explain the visible light activities, however. As seen in Table 1 rutile 
containing films grown from TiCl4 and H2O did not possess any photocatalytic activity in 
the same test. No activity was seen with various other undoped rutile containing films 
either.(unpublished results) In order to grow visible light active photocatalysts by ALD, 
doping with sulfur or fluorine thus appear to be the most promising choices. The as-
deposited nitrogen doped samples did not show any visible light activity in the stearic acid 
test.[II] Samples prepared by oxidative annealing of ALD grown TiN and TiS2 films on 
the other hand did.  
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Table 2. Photocatalytic activities in the degradation of stearic acid under UV and visible 
light of representative TiO2 thin film samples prepared in this work.[I-IV] 
Sample1 Process Thickness 

(nm) 
Crystal 
structure 

SA degradation, 
UV light (nm/h) 

SA degaradation, 
visible light (nm/24h) 

Ref. 

TiO2 - 1 Ti(OMe)4/H2O 103 anatase 21.1 < 1 [I] 
TiO2 - 2 TiCl4/H2O 90-130 anatase/rutile 10-15 < 1  
TiO2:N - 1 TiCl4/NH3/H2O 170 anatase/rutile 3.4 < 1 [II] 
TiO2:N - 2 TiN + air anneal ~100 rutile 3.1 2.5 [II] 
TiO2:S - 1 
(best UV) 

TiCl4/H2S/H2O 140 anatase/rutile 37.5 4.3 [III] 

TiO2:S - 2 
(best VIS) 

TiCl4/H2S/H2O 111 rutile 7.1 6.4 [III] 

TiO2:S - 3 TiS2 + air 
anneal 

~70 anatase 
(weak) 

3.5 2.6  

TiO2:F - 1 
(best UV) 

TiF4/H2O 121 anatase 24.5 2.0 [IV] 

TiO2:F - 2 
(best VIS) 

TiF4/H2O 153 rutile 15 5.8 [IV] 

1 Two  samples  for  TiCl4/H2S/H2O and TiF4/H2O processes are shown because of the large differences in 
relative performance between UV and visible light. 
 
When visible light active doped TiO2 films are prepared, the photocatalytic activity under 
UV light can also be affected. In the case of TiO2:S and TiO2:F films the best results in the 
photocatalytic degradation of stearic acid under UV and visible light were obtained with 
different  samples  (Table  2).  The  most  active  TiO2:S film prepared by the H2S modified 
TiCl4/H2O process has clearly a very high activity under UV light (37.5 nm/h).[III] This 
film consisted of a mixture of anatase and rutile. A very important observation is that this 
sample is quite active also under visible light. The use of H2S as a modifying agent was 
crucial,  because  films  with  a  similar  crystal  structure  prepared  without  H2S had only 
modest activities in the same test.[III]  Very  good UV light  activities  were  detected  also  
with films prepared from Ti(OMe)4/H2O  and  TiF4/H2O.[I,IV] Anatase structured films 
were the most active in these cases. An anatase structured TiO2:N film prepared from 
TiCl4, H2O and NH3 had a very poor activity under UV light.[II] Clearly, nitrogen doping 
using NH3 in ALD had a negative influence on the photocatalytic activity. TiO2:N and 
TiO2:S films prepared by oxidative annealing of TiN and TiS2, respectively, were not very 
good photocatalysts under UV light. This was probably caused, at least partly, by the weak 
crystallinity of the samples. 
 
To get more insight on the photoexcitation characteristics of the films, incident photon to 
current efficiencies (IPCE) were measured as a function of wavelength for nitrogen [II] 
and sulfur [III] doped and undoped [I] TiO2 films on ITO substrates (Figure 17). 
(unpublished results) These kinds of graphs, also known as the action spectra, can reveal 
important information on the band structure of photocatalytic thin films. The existence of 
a photocurrent at a certain wavelength indicates that electronic excitation has occurred in 
the film. Because the sample film can be biased, recombination can be suppressed and 
thus  a  photocurrent  obtained  even  though  the  sample  does  not  show  any  photocatalytic  
activity at the same wavelength in open circuit conditions. Figure 17 shows that the 
anatase structured TiO2 film prepared from Ti(OMe)4 and  H2O exhibits a photocurrent 
only below 400 nm. This is typical for pure anatase whose band gap of 3.2 eV corresponds 
to 388 nm. These results are consistent with the stearic acid tests under visible light (  > 
400 nm) where no activity was seen with these samples. The anatase/rutile structured 
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TiO2:S  film  shows  photocurrent  at  420  nm  and  below.  This  is  quite  consistent  with  the  
rutile band gap of 3.0 eV (= 413 nm). The visible light photocatalytic activity in the 
degradation of stearic acid by TiO2:S films is thus probably caused by irradiation at 400 – 
420 nm.  
 

 
Figure 17. Incident photon to current efficiencies of undoped anatase [I], N doped anatase 
[II] and S doped anatase/rutile [III] films prepared by ALD. (unpublished results) 
 
The TiO2:N films showed activities at significantly longer wavelengths than the other 
samples in the IPCE measurements. Significant photocurrents were seen below 550 nm 
indicating the narrowing of the band gap to around 2.25 eV. These results are comparable 
to the other published data on nitrogen doped TiO2 photocatalysts.[272,76,83,87] TiO2:N 
films prepared by ALD in this work could not however degrade stearic acid under visible 
light due to their high recombination rates.[II] It can be concluded that the films are active 
under visible light irradiation but only when the film is positively biased so that 
recombination is sufficiently reduced. There is thus room for improvement in the TiO2:N 
ALD process.  
 
Surface wettability of the photocatalytic thin films prepared in this work were studied by 
water contact angle measurements after periodic UV irradiation. Although photocatalytic 
activity and photoinduced superhydrophilicity are believed to be caused by different 
mechanisms  there  usually  appears  to  be  some  correlation  between  the  two.  If  the  
superhydrophilic conversion is fast, then usually the sample also possesses a good 
photocatalytic activity. A superhydrophilic surface has a contact angle of water close to 
0°.  Small  angles are difficult  to measure with the sessile drop method used. Generally,  a 
surface with a water contact angle below 10° can already be regarded as superhydrophilic 
and that was used as the criteria also in this work.  
 
The results of the contact angle measurements are shown in Table 3 (the same samples as 
in Table 1 with the annealed TiN and TiS2 excluded). The fastest superhydrophilic 
conversion was exhibited by a TiO2:S sample which turned superhydrophilic only after 7 
min of UV irradiation.[III] The films prepared using Ti(OMe)4, TiCl4 and  TiF4 as 
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precursors showed approximately equal performance turning superhydrophilic after 20 - 
50 min UV irradiation.[I,IV] The TiO2:N film showed the slowest conversion and 
required an extended irradiation period of 1080 min.[II]  The  results  of  the  
superhydrophilicity measurements in Table 3 are all roughly in line with the photocatalytic 
activity results shown in Table 2. 
 
Table 3. UV induced superhydrophilicity of representative TiO2 thin film samples 
prepared in this work. 

Sample Process Initial water 
contact angle 

UV irradiation time required to reach 
water contact angle below 10° (min) 

Ref. 

TiO2 - 1 Ti(OMe)4/H2O 64° 33 [I] 
TiO2 - 2 TiCl4/H2O 73° 35  
TiO2:N - 1 TiCl4/NH3/H2O 71° 1080 [II] 
TiO2:S - 1 TiCl4/H2S/H2O 50° 7 [III] 
TiO2:S - 2 TiCl4/H2S/H2O 48° 15 [III] 
TiO2:F - 1 TiF4/H2O 65° 50 [IV] 
TiO2:F - 2 TiF4/H2O 35° 20 [IV] 

 
All the ALD processes developed in this work could find use in many photocatalytic 
applications. The films show large variations in terms of photocatalytic activity, light 
absorbance and surface wettability. The most suitable process depends on the final 
application of the photocatalytic film and especially on the lighting conditions. The 
Ti(OMe)4/H2O process could be chosen when good UV light activated photocatalysts are 
needed and the process should be as simple as possible.[I] The Ti(OMe)4 precursor is not 
corrosive or toxic and it does not leave any halide residues in the film. If there is no UV 
light present, then clearly the films prepared with the Ti(OMe)4/H2O process will be 
totally ineffective and TiO2:F or TiO2:S films should be used instead. The TiO2:S process 
could be used when the highest possible photocatalytic activity under UV and visible light 
is needed.[III] The use of this process is not straightforward because toxic H2S gas is 
needed  and  also  the  optimization  of  the  H2O/H2S  -ratio  requires  some  extra  effort.  The  
TiF4/H2O process yields also fairly good UV and visible light activated 
photocatalysts.[IV] This process can be used when visible light active films are needed but 
the  use  of  H2S is not possible. The corrosive nature of TiF4 should be kept in mind 
however. Finally, although the TiO2:N films did not perform so well in the photocatalytic 
activity studies, they clearly showed the highest visible light absorption.[II] IPCE 
measurements showed that when TiO2:N films are biased a photocurrent is generated at 
visible wavelengths extending all the way up to  = 550 nm. These films could thus find 
use as photoelectrocatalysts under sunlight conditions. 
 

4.2.6 Biofilm removal [IX] 
Photocatalytic antimicrobial activity of ALD and sol-gel prepared TiO2 films was studied 
using Deinococcus geothermalis as the model organism.[IX] This bacterium is known to 
form durable, difficult to remove biofilms on machine surfaces in the paper industry.[352] 
The biofilm can act as a good growth site for a secondary biofilm by another bacterium. 
Deinococcus geothermalis can cause colored spots or holes in paper products or even 
endanger the operation of the paper machine altogether. Deinococcus geothermalis is 
particularly problematic due to its inertness towards chemical cleaning and shearing 
forces.[352]  
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An anatase TiO2 film prepared from Ti(OMe)4/H2O [I] and a rutile TiO2:S film prepared 
from TiCl4/H2S/H2O  [III] were used as the ALD samples in the photocatalytic 
antimicrobial studies. Porous TiO2 coatings were made by the sol-gel technique according 
to refs. [353] and [354]. Biofilms were first grown on cleaned TiO2 samples after which 
they were irradiated for 20 h using UV light. Figure 18 shows FESEM images of the 
biofilms without (Figures 18a and b) and with UV irradiation (Figures 18c and d). 
Massive detachment of the cells was seen due to the photocatalysis and the cells that were 
remaining appeared collapsed with their adhesion threads destroyed.  The cells were 
clearly dead thus highlighting the potential of photocatalytic biofilm control in a paper 
machine environment. The number of remaining cells was also quantified by measuring 
the fluorescence of nucleic acid stained biofilms.[IX] Approximately 90 % of the cells 
were removed photocatalytically from the ALD prepared samples. Based on the 
fluorescent reading technique the sol-gel prepared porous films appeared to be slightly 
more efficient but no dramatic differences to the ALD samples were seen. 
 

 
Figure 18. FESEM images of Deinococcus geothermalis biofilms on ALD prepared TiO2 
films (a,b) without UV and (c,d) after 20 h of UV irradiation. Reprinted from [IX], with 
kind permission from Springer Science and Business Media. 
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4.3 Nanostructured photocatalysts 

4.3.1 TiO2/cellulose composites [VI,VII] 
In  this  work  regular  ashless  filter  paper  was  used  as  a  template  to  create  photocatalytic  
TiO2/cellulose composites and hollow TiO2 replicas of the fibrous filter paper structure by 
ALD.[VI,VII] Although man-made, the filter paper can be regarded as a biotemplate 
because it consists of natural cellulose fibers. The precursors used were Ti(OMe)4 and 
H2O at two temperatures, 150 and 250 °C. The 30 nm amorphous TiO2 film prepared at 
150 °C was converted to a crystalline anatase replica of the paper by annealing at 450 °C 
in air (Figure 19). As seen in the FESEM image, the fibrous structures of the paper were 
replicated all the way down to the nanoscale. The crystalline replica was very fragile, 
however, resembling more like a powder. This was reflected in its high BET surface area 
of 70 m2/g.  
 

 
Figure 19. FESEM images of a TiO2 anatase replica of filter paper. Reproduced with 
permission from [VI]. Copyright 2005 American Chemical Society. 
 
By raising the deposition temperature to 250 °C and leaving the cellulose template intact a 
more robust anatase-TiO2/cellulose composite was created (Figure 20a).[VI] The 
structural integrity of the composite was fairly good and it could be bent without 
rupturing. A temperature of 250 °C in the absence of oxygen thus does not decompose the 
cellulose in the filter paper. Indeed, XRD measurements after the deposition still showed 
the presence of crystalline cellulose in the sample in addition to anatase.[VI] The 
mechanical properties were not of course exactly the same as in an untreated filter paper 
but still, the composite could be handled easily without breaking. 
 

 
Figure 20. FESEM  images  of  a)  TiO2/cellulose composite and b) Ag/TiO2/cellulose 
composite.[VI] 
 

a b
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Ag/TiO2/cellulose composites were created by photocatalytic reduction of Ag(I) to Ag 
demonstrating that the TiO2/cellulose composites were photoactive (Figure 20b).[VI] Ag 
nanoparticles with varying surface loadings were deposited on the TiO2/cellulose 
composites with deposition times of 1, 5 and 10 min in a 0.1 M aqueous AgNO3 solution 
under 365 nm irradiation with an intensity of 1.5 mW/cm2.[VII]  
 
In order to improve the photocatalytic properties of the TiO2/cellulose composites, iridium 
and platinum nanoparticles were deposited on the composite surface by ALD.[VII] The 
processes used were Ir(acac)3/O2 [355] and MeCpPtMe3/O2 [356]. The deposition 
conditions in these cases were more harsh than in the case of TiO2 because oxygen was 
used as a precursor. The structural integrity of the resulting noble metal/TiO2/cellulose 
composites was however very similar to the TiO2/cellulose composites. This is thought to 
be  a  result  of  the  protective  effect  of  the  TiO2 layer which prevents the burning of the 
paper. Separate noble metal deposition experiments directly on the paper without a TiO2 
layer led to obvious charring of the paper. The iridium and platinum growth cycles were 
repeated 300 and 150 times, respectively. As seen in Figure 21 the iridium and platinum 
layers  consisted  of  nanoparticles  evenly  spread  on  the  TiO2 surface  rather  than  of  a  
continuous film. As judged from the FESEM images, the amount of Ir seemed to be much 
higher than that of Pt which is expected because of the higher number of growth cycles.  
When comparing Figures 20b and 21 it is evident that a much more uniform nanoparticle 
coverage is obtained using ALD than photocatalytic reduction. 
 

 
Figure 21. FESEM images of a) Ir/TiO2/cellulose [VII]  and  b)  Pt/TiO2/cellulose 
composites (Kemell and Pore, unpublished results). 
 
The photocatalytic activities of all the noble metal loaded TiO2/cellulose composites were 
measured under UV light using methylene blue as the model compound (Figure 22).[VII] 
For comparison, a bare TiO2/cellulose composite and an uncoated filter paper were 
subjected to the same test. A slight decrease of the MB concentration can be seen with the 
uncoated filter paper. This is caused by the adsorption of MB on the surface of the paper. 
The decrease of the MB concentration was significantly faster with the composite 
samples. They were thus active in the photocatalytic degradation of MB. All three noble 
metals had a positive effect on the photocatalytic activity. A photodeposition time of 5 
min seemed to be the optimum for the Ag loading. A longer time of 10 min had already a 
negative influence, probably because of a light blocking effect of the Ag particles. The 
second best sample was the Pt/TiO2/cellulose  composite.  Although  the  amount  of  Pt  in  
this sample seemed very small, a major enhancement in the activity was realized. The best 
sample of all the noble metal loaded composites was the Ir/TiO2/cellulose composite. It is 
difficult to conclude however which one of the two noble metals, Pt or Ir, is better because 
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of the different metal loadings. The good result obtained with the Ir/TiO2/cellulose 
composite is interesting; although the surface coverage seemed very high (Figure 21a), the 
light blocking effect still did not worsen the activity. Both of the ALD grown noble 
metals, Pt and Ir, are thus very promising for enhancing the photocatalytic activity. More 
systematic studies using different metal loadings would be required to determine which 
metal would give the greatest enhancement effect. 
 

 
Figure 22. Photocatalytic degradation of methylene blue under UV light using 
TiO2/cellulose and noble metal/TiO2/cellulose -composites.[VII] Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission. 
 

4.3.2 Photocatalytic TiO2 nanotube arrays [VIII] 
Home-made and commercial nanotemplates were used to create regular arrays of 
photocatalytic TiO2 nanotubes by ALD.[VIII] Commercial AnodiscTM alumina 
membranes, home-made thin film alumina membranes and Ni nanowire arrays were used 
as the templates. The pore diameters of the home-made membranes were also fine-tuned 
by  chemical  etching  with  H3PO4 in order to create more open structures.[VIII] Anatase 
films of about 30 nm in thickness were deposited on the templates resulting in regular 
arrays of tubular TiO2 structures (Figures 23 and 24). Ti(OMe)4/H2O was chosen as the 
TiO2 process because of the good results obtained in photocatalysis experiments on planar 
substrates.[I]  
 
The film thickness in the AnodiscTM membrane was not completely uniform; as judged 
from the EDX measurements from the cross-section of the membrane the film was thinner 
in the center of the membrane (Figure 23).[Kemell and Pore, unpublished results] The 
AnodiscTM membrane is a very demanding substrate even for ALD because the pore 
diameter is approximately 200 nm and the membrane thickness around 60 µm giving an 
aspect ratio of 1:300. The importance of the thickness uniformity in the pores depends on 
the application. In photocatalysis the irradiation has to reach the TiO2 for the catalytic 
effect, so in this case the surface regions of the membrane are more important than the 
middle sections. The home-made thin film membranes and the Ni nanowires appeared to 
be more uniformly coated because of their smaller thicknesses and aspect ratios.  
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Figure 23. FESEM  images  and  EDX  scans  from  the  cross  section  of  a  TiO2 coated 
commercial porous alumina membrane (AnodiscTM). TiO2 could  be  grown  on  the  pore  
walls  through  the  whole  ~60  µm  thick  alumina  membrane.  The  pore  diameter  is  
approximately 0.2 µm. (Kemell and Pore, unpublished results) 
 

 
Figure 24. FESEM images showing a) a glass-supported thin-film alumina membrane 
coated with TiO2 and b) TiO2-coated nickel nanowires. Reproduced with permission from 
[VIII]. Copyright 2007 American Chemical Society. 
 
Photocatalytic activities of the various TiO2 nanotube structures with the same footprint 
area  of  0.2  cm2 were studied by the degradation of MB under UV irradiation (Figure 
25).[VIII] A TiO2 film of the same footprint area grown on a planar substrate was tested 
for comparison to see the effect of increased surface area of the nanotube arrays. An 
uncoated AnodiscTM membrane  was  also  used  to  conduct  a  dark  test  without  UV  
irradiation to see the effect of MB adsorption on the results. The top-most curve in Figure 
25 shows that adsorption can be regarded negligible. The highest activities were measured 
for  the  TiO2-coated AnodiscTM membrane and the self-made thin film membrane with 
larger pores. These two samples had the most open structures of all the samples studied. 
The high activities of these samples can be explained by better diffusion of the MB dye 
into and its degradation products out of the porous structures, and also by the better 
penetration of UV light deeper in the structure. It is also noteworthy that the two best 
samples had almost identical activities although the thin film membrane was considerably 
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thinner (1 µm) than the AnodiscTM membrane (60 µm). This implies that not all the inner 
surfaces of the AnodiscTM membrane were utilized. The TiO2-coated Ni nanowires and 
thin film membrane with smaller pores had similar activities and were only slightly more 
active than the planar TiO2 sample.  The  more  sheltered  structures  of  these  samples  
apparently hindered the diffusion of solution species and penetration of light deeper into 
the pores.  
 

 
Figure 25. Photocatalytic degradation of methylene blue under UV light using various 
tubular TiO2 nanostructures. Reproduced with permission from [VIII]. Copyright 2007 
American Chemical Society. 
 
Recently, a similar TiO2-coated AnodiscTM membrane as shown above was prepared using 
the TiCl4/H2O process.[322] Its photocatalytic activity in MB degradation was very close 
to the TiO2 coated membrane shown here, prepared from Ti(OMe)4, indicating that there 
is freedom of choice in which particular ALD TiO2 process to use. When preparing 
nanostructured photocatalysts better enhancement in activity can be obtained by 
optimizing the geometry of the whole structure rather than focusing on the ALD process 
itself. 
 
The main conlusion that can be drawn from these results is that the dimensions of the 
photocatalytic nanostructure play a major role in determining the activity. A larger total 
surface area does not necessarily give a higher activity if the model compound or UV light 
are  not  able  to  reach  all  the  surface  area.  The  design  of  the  dimensions  of  the  
nanostructure in the very surface region is crucial and the highest photocatalytic activity is 
realized  from  a  compromise  between  the  total  surface  area  and  the  openness  of  the  
structure.  
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4.4 Eletrically conducting TiO2 
Because TiO2 is transparent to visible wavelengths, it might find use as a transparent 
conducting oxide (TCO) provided that the resistivity could be decreased low enough. 
Because Nb doped TiO2 was recently recognized as a possible candidate for TCOs [333] 
its preparation using ALD was studied in this work.[X]  Ta  doping  was  also  studied  
because it was expected to behave similarly to Nb.  
 

4.4.1 Ti1-xNbxOy films [X] 
Electrically conducting Ti1-xNbxOy films were grown using Ti(OMe)4 [I], Nb(OEt)5 [357] 
and H2O as precursors.[X] Two growth temperatures, 215 and 300 °C, were used. At 215 
°C the TiO2 process produces amorphous films whereas at 300 °C crystalline anatase films 
are grown. A wide composition range of x = 0 – 0.4 was covered by mixing the binary 
process cycles of TiO2 and Nb2O5 in different ratios (Figure 26). At 215 °C the Nb content 
increased  linearly  as  the  fraction  of  Nb2O5 cycles was increased.[X]  At  300  °C,  on  the  
other hand, an anomaly can be seen. With Nb2O5/(Nb2O5 + TiO2) cycle ratios of 0.2 and 
below the incorporation of Nb into the films is much weaker than with higher cycle 
ratios.(unpublished results) These differences are correlated with the crystal structures of 
the films. All the Ti1-xNbxOy films grown at 215 °C were amorphous. In the films grown at 
300  °C  anatase  reflections  were  seen  in  XRD  only  with  Nb2O5/(Nb2O5 +  TiO2) cycle 
ratios of 0 – 0.2.  It  thus appears that  for some reason the growth rate of the Nb2O5/H2O 
process is much slower on an anatase TiO2 suface than on an amorphous one, or Nb 
incorporation into anatase lattice is more difficult than into amorphous mixture. A 
replacement reaction where Ti(OMe)4 and surface Nb species form volatile niobium 
alkoxides is also possible. 

 
Figure 26. Nb/(Nb+Ti)  ratio  as  a  function  of  the  Nb2O5/(Nb2O5 +  TiO2) cycle ratio in   
Ti1-xNbxOy films prepared at 215 and 300 °C. Reproduced in part with permission from 
[X]. Copyright 2009 American Chemical Society. 
 
FESEM images of the films grown at 300 °C using cycle ratios of 0.33, 0.25 and 0.20 are 
shown in Figure 27.(unpublished results) With a cycle ratio of 0.20 the surface is 
completely covered by crystalline anatase grains. With higher cycle ratios isolated grains 
in a smooth,  most likely amorphous,  matrix can be seen. Presumably,  the isolated grains 
are more pure TiO2 and most of the Nb is located in the amorphous matrix. This type of 
non-homogeneous morphology is not desirable from an application point of view. All the 
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as-deposited amorphous films prepared at 215 °C were featureless when observed with 
FESEM. 
 

 
Figure 27. FESEM images of Ti1-xNbxOy films deposited at 300 °C using Nb2O5/(Nb2O5 + 
TiO2) cycle ratios a) 0.33, b) 0.25 and c) 0.20. (unpublished results) 
 
The electrical resistivities of all the as-deposited films were too high for any common 
TCO application. The lowest resistivities (with values between 1 – 10  cm) were 
measured for the crystalline samples. Post-deposition annealing at 600 °C in a reducing 
atmosphere (H2/N2 5/95 %) was therefore conducted to crystallize all the samples to the 
anatase phase and to decrease the resistivities. The lowest resistivity in the films deposited 
at 300 °C was measured for a Ti0.68Nb0.32Oy film (Figure 28).(unpublished results) A 
relatively low value of 4.8 m  cm was obtained.  
 
Films prepared at 215 °C resulted in even lower resistivities after forming gas annealing 
(Figure 28).[X] The lowest resistivity of 1.9 m  cm was measured for a Ti0.69Nb0.31Oy 
film. This value is comparable to the other published data for polycrystalline Ti1-xNbxOy 
films [335-339] with the exception that the minimum in resistivity occurred at a much 
higher Nb content. In epitaxial and polycrystalline Ti1-xNbxOy films prepared by PLD and 
sputtering  the  optimum composition  was  Ti.94Nb0.06Oy.[333,335-339] On the other hand, 
the sputtered epitaxial Ti0.85Nb0.15Oy films prepared by Gillispie et al. [334] were 
somewhat closer to the optimum composition of this work. The differences in optimum 
compositions can be explained, at least partially, by grain and crystal sizes (see below). 
 

 
Figure 28. Resistivity as a function of Nb content of forming gas annealed Ti1-xNbxOy 
films deposited at ( ) 215 and ( ) 300 °C. Reproduced in part with permission from [X]. 
Copyright 2009 American Chemical Society. 
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4.4.2 Ti1-xTaxOy films [X] 
Ti1-xTaxOy films were grown at 215 °C in a similar manner as the Ti1-xNbxOy films above 
except Ta(OEt)5/H2O  [358]  was  applied  as  the  Ta2O5 process.[X] The film composition 
could be varied easily by adjusting the Ta2O5/(Ta2O5 + TiO2) cycle ratio and similarly to 
the Ti1-xNbxOy films deposited at 215 °C, a linear dependence between the two was 
obtained.[X] The films crystallized into the anatase phase and became electrically 
conducting after annealing in forming gas at 600 °C. The resistivities of the Ti1-xTaxOy 
films were however about an order of magnitude higher than those of the Ti1-xNbxOy 
films. The lowest resistivity of 12 m  cm was detected in a Ti0.77Ta0.23Oy film.  
 

4.4.3 Crystallization studies [X] 
The Ti1-xNbxOy films which were deposited at 215 °C and annealed afterwards showed 
some very unusual FESEM images (Figure 29).[X] Large and highly regular cross-like 
patterns and more  irregular wavy features were observed  in  the  micrographs. The lateral 
 

 
Figure 29. FESEM images of annealed Ti1-xNbxOy films deposited at 215 °C. a-d) A 76 
nm Ti0.69Nb0.31Oy film  on  SiO2/Si after annealing for 30 min in forming gas (H2/N2 
5/95%) at 600 °C using a ramp rate of 20 °C/min. e) Same film as in (a-d), but using a 
ramp rate of 1 °C/min. f) A 75 nm Ti0.69Nb0.31Oy film on borosilicate glass after annealing 
for 30 min in forming gas (H2/N2 5/95%) at 500 °C using a ramp rate of 20 °C/min. 
Reproduced with permission from [X]. Copyright 2009 American Chemical Society. 
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dimensions of the patterns were about three orders of magnitude larger than the film 
thickness. The sizes of these cross-like patterns depended somewhat on the heating ramp 
rate. Larger patterns were produced when a lower ramp rate was used (Figure 29e). The 
cross  patterns  appeared  in  films  grown  on  various  surfaces  such  as  thermal  SiO2 on  Si,  
native oxide covered Si, borosilicate glass and amorphous Al2O3 film (grown by ALD). 
Figure  29f  shows  a  FESEM  image  after  annealing  a  Ti0.69Nb0.31Oy film deposited on 
borosilicate glass. 
 
The FESEM images obtained from the annealed Ti1-xTaxOy films were very similar to the 
Ti1-xNbxOy films indicating a similar crystallization behaviour in this case also (Figure 
30).[X]  When the  Ta  content  was  lower,  as  in  Ti0.85Ta0.15Oy (Figure 30a), the cross-like 
patterns were absent and only the wavy features were visible. With higher Ta contents 
(Figures 30b and c) the cross-patterns appeared and the images resembled very much 
those of the Ti1-xNbxOy films.  
 

 
Figure 30. FESEM  images  of  Ti1-xTaxOy films  deposited  on  SiO2/Si  at  215  °C  and  
annealed at 600 °C in forming gas for 30 min using a ramp rate of 20 °C/min. a) 
Ti0.85Ta0.15Oy,  b)  Ti0.77Ta0.23Oy and  c)  Ti0.71Ta0.29Oy. Reproduced with permission from 
[X]. Copyright 2009 American Chemical Society. 
 
The observed features were not related to variation in film composition or surface 
morphology. This was verified by conducting EDX mapping and AFM studies. EDX point 
measurements were carried out at different locations on the patterns and the composition 
was always the same. Also, when just a 1 nm thick Pt/Pd alloy film was sputtered on the 
films the features nearly completely disappeared when studied with a FESEM. The films 
were thus very smooth and homogeneous in composition, and the observed features must 
be a result of some other contrast mechanism than the common edge, shadow and Z 
contrast which are usually dominating in SEM images. 
 
In  order  to  get  more  insight  to  the  peculiar  features  the  surface  of  an  annealed  
Ti0.68Nb0.32Oy film was studied by the electron backscatter diffraction (EBSD) 
technique.[359] In EBSD a diffraction pattern, also known as the Kikuchi pattern, is 
created from electrons backscattered from a crystalline sample surface in a regular SEM. 
Analysis of the diffraction patterns reveals a lot of information on crystalline samples and 
studies such as crystal orientation and defect mapping, phase identification and grain 
boundary assessment can be routinely conducted.[359] The inset of Figure 31a shows a 
typical Kikuchi pattern obtained from the Ti0.68Nb0.32Oy film. All the patterns obtained 
could be indexed to the anatase phase of TiO2.[X]  EBSD  maps  were  obtained  by  
measuring the Kikuchi patterns in a matrix of 1212x882 points using a step size of 100 nm 
(Figure 31a-d). The pattern quality map shown in Figure 31a gives information on 
crystalline quality of the sample. Brighter areas in the map correspond to better Kikuchi 

10 µm

a

20 µm40 µm

b c



71 
 

patterns and hence higher crystalline quality. Comparison of the pattern quality map and 
the FESEM images makes it obvious that the contrast observed in the FESEM images is 
related to the crystal properties of the film.  
 

 
Figure 31. EBSD maps of an annealed 80 nm Ti0.68Nb0.32Oy film on thermal SiO2/Si. a)  
Pattern quality map. Inset: Kikuchi pattern of anatase obtained from the sample. b) Local 
misorientation map. The color key (0-5 degrees) is located at the bottom left. c) Inverse 
pole figure map showing crystal orientation with respect to the X (transverse) direction of 
the sample. The color key is located at the bottom left. d) Inverse pole figure map showing 
crystal orientation with respect to the Z (normal) direction of the sample. The color key in 
(c) applies also to (d). The grain boundaries (>10°) are indicated as black lines in all four 
EBSD maps. Reproduced with permission from [X]. Copyright 2009 American Chemical 
Society. 
 
The EBSD map in Figure 31b shows that the local misorientation (misorientation between 
neighboring points) is small in the whole sample and is the smallest in the cross shaped 
areas. Blue color in the map indicates a local misorientation below 1°. Inverse pole figure 
maps showing crystal orientation with respect to the sample X (transverse) and Z (normal) 
directions are shown in Figures 31c and d, respectively. Large areas with the same 
orientation can be seen in the maps. Especially the cross shaped areas have exactly the 
same coloration indicating that these are single crystals of anatase. The intense red 
coloring in the Z-map (Figure 31d) also shows that the film is highly (001) oriented. This 
orientation was seen also by the XRD measurements.[X] 
 
Grain boundary analysis was also conducted by assigning every point with a local 
misorientation above 10° as a grain boundary.[X] The grain boundaries thus defined are 
indicated as black lines in the EBSD maps (Figures 31a-d). There are no grain boundaries 
in  the  arms  of  the  crosses,  but  only  in  the  wavy  features.  These  cannot  however  be  
regarded as true grain boundaries because they do not form any closed areas, that is, grains 
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in  the  film.  Therefore,  these  black  lines  with  a  misorientation  above  10°  are  rather  tiny  
cracks or dislocations that have been formed in the monocrystal.  
 
With the help of the EBSD measurements the contrast observed in the FESEM images can 
be concluded to be a result of crystal orientation contrast. This is further supported by the 
fact  that  the  contrast  almost  completely  disappeared  after  adding  a  1  nm  thick  Pt/Pd  
coating. This is because crystal orientation contrast is highly surface sensitive and thus 
masked with already a very thin heavy metal layer. The observed large grains with a cross 
in the middle are anatase monocrystals with two different regions. The arms of the crosses 
appear to be defect-free areas whereas the wavy featured regions contain tiny cracks 
which can cause also some edge contrast in the FESEM images. 
 
The explanation for the highly unusual grain structure in the films was concluded to be 
explosive crystallization.[360-370] Explosive crystallization is a phenomenon where the 
crystallization  of  an  amorphous  thin  film  proceeds  very  rapidly  after  the  first  
crystallization event. This process occurs when the latent heat released during the 
crystallization is large enough to cause more amorphous material to crystallize. Thus, an 
autocatalytic process continues until the amorphous material is completely consumed or 
the system is disturbed by some other means. This phenomenon was first discovered for 
amorphous Sb films and since then films of Ge, Si,  SiO2, SixOyNz, Si3N4, (In,Ga)Sb and 
Se80Te20 among others have been observed to crystallize explosively.[360-370] In the   
Ti1-xNbxOy films prepared in this work the initiation points for crystallization were 
apparently the centers of the crosses. After the initial nucleation the crystallization 
proceeded rapidly as laterally moving crystallization fronts until all the amorphous phase 
between neighboring grains became consumed. This process resulted in the unique grain 
structure seen in the FESEM images. Especially the explosive crystallization of 
amorphous silicon has been reported to result in very similar grains as seen here.[360,361] 
These findings are significant because explosive crystallization has not been reported for 
TiO2 or any other metal oxide before. 
 
In some samples which were annealed at 500 °C incomplete crystallization could be 
observed (Figure 32).[X]  Rectangular  grains  with  the  cross  shape  and  wavelike  regions  
were again produced but large areas in the film remained amorphous. The crystallization 
process appears to have stopped in many cases when two neighboring grains have 
collided.  Various  defects  in  the  film  could  also  cause  the  process  to  stop  at  some  point  
because some completely isolated grains can be seen in the optical microscope image 
(Figure 32d). It seems that 500 °C is close to the threshold of crystallization of the         
Ti1-xNbxOy films  and  therefore  only  a  few  nucleation  points  for  crystallization  were  
formed and the crystallization often stopped before being completed. The rectangular 
shape of the crystallized grains is quite unique. In other explosively crystallized materials, 
isolated grains are typically circular.[360-362,366-368]  
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Figure 32. a-c) FESEM images and d) an optical image obtained using plane polarized 
light of an incompletely crystallized 80 nm Ti0.68Nb0.32Oy film on thermal SiO2/Si after 
annealing for 30 min in forming gas at 500 °C using a ramp rate of 20 °C/min. The 
contrast of the optical image in (d) was enhanced using image processing software. 
Reproduced with permission from [X]. Copyright 2009 American Chemical Society. 
 
Films  with  a  composition  of  Ti0.8Nb0.2Oy –  Ti0.6Nb0.4Oy were found to undergo the 
explosive crystallization resulting in very large grains with lateral dimensions over 10 
µm.[X]  The  electrical  resistivities  of  the  films  were  also  the  lowest  at  this  composition  
range (Figure 28). This makes sense because the grain boundary scattering is diminished 
when the grains are larger.  
 
Nb is  known to  be  soluble  to  anatase  TiO2 at least up to 20 mol %.[333,334] When the 
spacing  of  the  anatase  (101)  lattice  planes  was  plotted  against  the  Nb  content,  a  nearly  
linear relationship could be observed indicating that Nb is incorporated in increasing 
amounts to the anatase lattice.[X]  It  does  not  prove,  however,  that  all  the  Nb  is  
substitutionally incorporated at the Ti sites in every film. Some interstitials can also be 
present. The optimum composition for the explosive crystallization seemed to be close to 
Ti0.7Nb0.3Oy where the largest grain size, highest crystallinity and also the lowest 
resistivity were observed (Figure 28).[X]  It  is  possible  that  the  explosive  crystallization  
pathway results in a special ‘frozen’ anatase structure with excess Nb because it is a very 
rapid process. The Nb atoms might not have had enough time to segregate.  
 
The reason for the unique crystallization phenomena observed in the ALD prepared      
Ti1-xNbxOy and Ti1-xTaxOy is not yet fully understood. It could be related to the melting 
point of TiO2 which  is  known  to  decrease  when  Nb2O5 or Ta2O5 is added.[371,372] A 
narrow liquid phase region has been reported to exist in the crystallization front during 
explosive crystallization.[360,373] The wild wavy features observed in the crystallized 
Ti1-xNbxOy and Ti1-xTaxOy films (Figures 29 and 30) do look like the liquid phase had 
been  present  at  some  point.  Other  properties  which  have  an  effect  on  the  occurrence  of  
explosive crystallization are heat conduction properties of the material in amorphous, 
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crystalline and liquid phases, and heats of melting and crystallization.[360] Addition of 
Nb2O5 and Ta2O5 to TiO2 seems to alter these properties in such a way that the explosive 
crystallization  pathway  becomes  possible.  It  is  also  well  possible  that  this  unique  
phenomenon is specific to the ALD prepared films only. The layer by layer growth 
mechanism of ALD could for example lead to amorphous films which are different from 
films prepared by other means. Residual stress and strain might play a role in this, for 
instance. 
 
The preparation of large anatase crystals in thin film form has been possible earlier only 
through epitaxial growth on single crystalline SrTiO3 and LaAlO3 substrates. 
[333,334,374,375] Large anatase crystals in thin film form can now be prepared also on 
amorphous substrates by explosive crystallization of ALD grown Ti1-xNbxOy and           
Ti1-xTaxOy films. Because the lattice mismatch between anatase TiO2 and the explosively 
crystallized Ti1-xNbxOy films is below 1 %, a pure TiO2 anatase surface could be obtained 
by epitaxial growth of TiO2 on Ti1-xNbxOy.[X]  As the Ti0.68Nb0.32Oy films were found to 
be highly (001) oriented, this could be a convenient way to prepare TiO2 thin films with 
large areas of anatase (001) surfaces without the need of single crystalline substrates. 
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5 Conclusions 
Photocatalytic TiO2 has  the  ability  to  clean  contaminated  air  and  water  and  to  keep  
surfaces  clean  and  sterile  by  using  only  the  energy  from  the  sun.  This  is  of  course  an  
appealing concept in the days of global warming when renewable energy sources should 
be favored. Artificial light sources are also widely used in photocatalytic systems where 
the  use  of  sunlight  is  not  practical.  Interest  towards  photocatalytic  TiO2 thin films is 
continuously increasing, both in the academia and industry, as new applications are being 
developed.  
 
A large fraction of all photocatalysis research activities has focused on the modification of 
TiO2 by various means in order to improve the photocatalytic properties. Doping with 
nitrogen  is  commonly  used  to  shift  the  absorbance  of  TiO2 towards visible light but 
success has been reported also with many other dopants. Composite TiO2 photocatalysts 
have been studied where the combined action of TiO2 and some other material can result 
in enhanced photocatalytic activity. Loading TiO2 with noble metals has also been shown 
to  be  highly  beneficial.  As  photocatalytic  reactions  occur  on  the  surface,  it  is  clear  that  
increasing the surface area can lead to increased photocatalytic activity. Powders with 
nanoscale particle size are an obvious choice when high surface areas are required but in 
many cases monolithic nanostructured photocatalysts are preferred due to their easier 
handling and separation.  
 
TiO2 has been one of the most widely studied materials in ALD due to its many important 
applications in the fields of electronics, optics and photocatalysis. ALD TiO2 processes are 
also required for the deposition of titanium containing multicomponent oxides. Several 
precursor combinations for the deposition of TiO2 have therefore been developed and 
studied  in  detail.  In  this  work,  new  chemistry  for  ALD  of  TiO2 was developed by 
introducing two titanium precursors, Ti(OMe)4 and TiF4.  Both precursors were shown to 
exhibit typical saturative ALD growth when water was used as the other precursor. Both 
processes were also shown to produce crystalline TiO2 films with good photocatalytic 
activities. 
 
One of the main goals of this work was to develop ALD processes for the preparation of 
visible light active doped TiO2 photocatalysts. Nitrogen, sulfur and fluorine were selected 
as the dopants based on the good results obtained using these anionic dopants in the 
literature. Sulfur and fluorine turned out to be much better choices as dopants than 
nitrogen, at least in the ALD processes used in this study. Sulfur and fluorine doped TiO2 
films prepared by ALD were good photocatalysts under UV and visible light irradiation. 
Although a promising photoelectrochemical response to visible light was measured for the 
nitrogen doped TiO2 films, increased electron-hole recombination was found to be a major 
problem. As a side product from the sulfur doping studies an ALD process for TiS2 was 
also developed. 
 
ALD gives accurate control of film thickness and composition and enables deposition of 
conformal, high-quality thin films over large areas and on complex-shaped and porous 
substrates. It is therefore an ideal tool for template directed deposition of different kinds of 
nanostructures for photocatalysis and many other applications. Crystalline TiO2 films can 
be grown at relatively low temperatures enabling the use of many temperature sensitive 
substrate materials. In this work these benefits of ALD were utilized in the preparation of 
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photocatalytic TiO2/cellulose composites, TiO2 coated porous alumina and TiO2 coated 
nickel nanowires. As compared with planar TiO2 films clear enhancement in the 
photocatalytic activity was observed due to increased surface area caused by the 
nanostructures. 
 
TiO2 based transparent conducting oxide films were prepared successfully by ALD and 
post-deposition annealing. These Ti1-xNbxOy and Ti1-xTaxOy mixed oxide films exhibited 
unusual crystallization behaviour resulting in laterally very large anatase monocrystals 
with dimensions over 100 µm in the best case. The films appeared to have crystallized in 
an explosive manner. Anatase crystals with lateral dimensions over 1000 times the film 
thickness have been very difficult, if not impossible, to prepare without epitaxial growth 
before. This makes the ALD prepared Ti1-xNbxOy and Ti1-xTaxOy films very interesting for 
many studies, photocatalysis among others, which are related to anatase surfaces.  
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