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1 Introduction 

Nanomaterials have an important role to play in future “green” buildings and 
for retrofitting of old buildings [1]. These materials can be used in a number 
of devices and new coating technologies that can be integrated or added to 
the built environment. Significant energy savings can be made with such 
new technologies while at the same time improving the indoor environment 
and human comfort. Proof-of-concepts have already been demonstrated or 
even commercialized in a few cases. Examples include, controlling the input 
of visible light and solar energy in smart windows, cleaning indoor (and 
outdoor) urban air via solar photocatalysis, self-cleaning surfaces that avoid 
build up of contaminants and hence reduce maintenance costs and inconven-
ience related to e.g. bio-film formation, daylight through light piping sys-
tems, hot water or warm air via selective absorption in solar collectors, elec-
tricity through building-integrated nanomaterials-based solar cells, providing 
cooling via infrared-selective emission towards the clear (night) sky, de-
mand-controlled ventilation by the use of novel air quality sensors, and supe-
rior thermal insulation via nanomaterials (such as aerogels) based vacuum 
panels. Materials for these applications have many features in common, not 
only regarding application areas but also material types, and are now appear-
ing as an international research field with strong internal cohesion. Currently 
new materials and technologies for improved indoor air, energy saving and 
comfort are emerging as a new and interesting multidisciplinary field that 
involves scientists from a wide range of scientific disciplines. It comprises 
topics such as 
 
  Energy savings 
  Solar energy production 
  Energy storage 
  Thermal comfort 
  Self-cleaning materials 
  Monitoring, identification and modeling 
  Ventilation and other environmental control techniques 
  Health effects 

 
The possibility of increasing human comfort in buildings is a powerful 

driving force for the introduction of new technology in the built environ-
ment. Among other things, our sense of comfort depends on air quality, tem-
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perature, lighting levels, and the possibility of having visual contact between 
indoors and outdoors. In addition, health-related problems resulting from the 
indoor environment are issues of frequent public concern. There is an inti-
mate connection between comfort issues and health, with connections to 
energy efficiency, leading to a need for intelligent building materials and 
green architecture [2]. The importance of good indoor environment is aug-
mented by the fact that modern man in developed countries spends some 80 
to 90 % of his time inside buildings and vehicles [3]. Today we are striving 
for increasing comfort and better living standards than before as at the same 
time as we struggle for less energy consumption and cost effectiveness. 
These demands have inevitably led to changes in building design and much 
greater use of synthetic building materials. Whilst these improvements have 
led to better comfort and lower energy consumption, they have also made 
modern buildings more air tight than older structures and provide an indoor 
environment that is contaminated from pollutants readily produced from 
those materials used. Poor air quality may lead to personal discomfort and 
ultimately cause adverse health effects. Over 900 chemical compounds have 
been detected in indoor air [4], many of which are considered to be hazard-
ous, volatile organic compounds (VOCs) such as decane, toluene, xylene, 
formaldehyde, ozone and nitrogen dioxide [5]. A study has shown that a 
number of VOCs have higher concentration indoors than outdoors [6]. It has 
been suggested that exposure to VOCs can evoke diverse complications such 
as eye, nose and skin irritations, so called Sick Building Syndrome (SBS) 
[7], which may affect as much as 30 % of all new and refurbished buildings 
today. Concentration deviations of oxygen, carbon dioxide and humidity, as 
well as temperature, from normal accepted levels in indoor air are parame-
ters that have significant impact on memory and learning among students. 

An effective ventilation and air cleaning system is required, bearing in 
mind that the traditional systems or methods consume large amounts of en-
ergy. Granqvist et al. have suggested that nanomaterials of metal oxides can 
offer a number of attractive options to maintain a benign indoor environment 
[8]. Electrochromic (EC) materials can be utilized to control the amount of 
visual light or solar irradiation passing through a window, a so-called “smart 
window” [9,10]. EC devices enable one to avoid excessive heat from solar 
radiation or to take advantage of that heat when there is need for it. Gas sen-
sors based on nanostructured metal oxides, which are relatively cheap and 
easy to manufacture, are composed of common raw materials and can be 
used for air quality monitoring and implemented in on-demand ventilation 
systems. Furthermore, photocatalytic materials from the same class of transi-
tion metal oxides can be used for air purification, water cleaning and self-
cleaning coatings. 

This thesis focuses on the application of nanocrystalline transition metal 
oxide TiO2, WO3 and NiO thin films in new “green” building technologies. 
Specifically, their physicochemical properties in photocatalytic, self-
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cleaning and gas-sensing applications are studied. The scientific work con-
sists of materials preparation, characterization and evaluation. Thin film 
fabrication by means of advanced physical vapor deposition techniques, and 
in particular TiO2-based thin films play a central role in this work. 
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2 Gas Sensors 

A system used for sensing any physical or chemical quantity consists in most 
cases of two fundamental parts; a sensor and an actuator. A sensor is the 
input transducer (from Latin tranducere – to transfer). In a device or a sys-
tem, a sensor detects some form of energy and transforms it into (typically) 
electrical energy. An actuator, on the other hand, is an output transducer that 
transforms that electrical energy to non-electrical energy. Sensors are classi-
fied from the energy forms – electrical, radiant, mechanical, thermal, chemi-
cal and magnetic – which they detect and transform. They can also be classi-
fied from the way they operate, either in active mode, which requires an 
auxiliary energy source, or in passive mode, which requires no auxiliary 
energy source. 

Gas sensors, specifically, belong to an interesting branch of sensors that 
have grabbed the interests of many scientists, and are subjected to intense 
research. There are large demands for gas sensors in applications where 
there is a need for quality and safety improvements. Fire or smoke detectors 
are perfect examples for such sensors, and are compulsory in some office 
and industrial buildings due to the safety regulations. In industry where haz-
ardous gases are often present a system that detects small quantities of those 
gases and warns the employees at an early stage would minimize the dam-
age. Explosive or flammable gases are very common in the petroleum and 
coal mining industries. Sudden emission or combustion of methane gas in 
coal mines for example, often causes fatal accidents. Coal mining, particu-
larly, is considered the most deadly job in China where 6,000 workers are 
killed annually (official statistic from 2004). Detection of drugs and explo-
sives is another example which requires some kind of gas detection. Gas 
detection is a tricky business as there are many problems that have to be 
solved in order to make a gas sensor that fulfils criteria discussed below. 
Research, however, must continue and scientists are sometimes forced to 
invent ingenious solutions. One of these is using trained wasps or bees for 
detecting specific drugs or explosives, so-called “sniffer bees”. 

A gas sensor is defined by many parameters and the most important are 
shown in fig. 1. Problems that are related to measurements with gas sensors 
are specified accordingly: 
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 Gas sensors are normally non-specific 
  Memory effects 
  Cross-sensitivity 
  Influence of temperature and humidity 
  Drift problems related to the sensor technology in use 
  Long term stability problems 

 
An ideal dedicated gas sensor should fulfill some criteria, such as being 

highly sensitive, chemically selective, reversible, durable, fast, highly resis-
tant to contamination, simple to operate, small, easy to fabricate and inex-
pensive.  There are many techniques that can be utilized for gas detection 
and they can be divided into different groups depending on the detection 
mechanism. One group relies on different spectroscopy techniques such as 
vibrational spectroscopy (IR most commonly used), mass spectroscopy, 
flame emission spectroscopy and gas chromatography. These techniques are 
considered to be the best solution for detecting and analyzing different gases, 
especially in a combined form. However, these methods typically require 
expensive equipment and skilled operators. An exception is plastic CO2 gas 
sensors based on integrated IR spectrometers [11]. Although the answer or 
the outcome of the analysis can be very accurate and reliable, these types of 
sensors or equipment are therefore typically not suitable for gas detection 
from a practical point of view. 

Solid state gas sensors and electrochemical gas sensors are another group 
of sensors which are considered to be better candidates for large-scale de-
ployment and monitoring of gas quality. The detection mechanisms in these 
sensors rely on the conductivity changes in a porous solid medium or in a 
liquid/solid electrolyte medium upon gas exposure, respectively. These sen-
sors can be made very small and hence be positioned in almost any place, 
and the response can be readily measured by simple electronics. There are 
several well-known sensors belonging to this group, among which are the 
Pellistor gas sensor [12,13], -sensor [14], field-effect gas sensor and solid 
state gas sensors [15,16,17]. 
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2.1 Noise: spontaneous fluctuations in the electrical 
transport 
In common use noise or signal noise is an unwanted random addition to a 
wanted signal. Electronic noise is a random fluctuation of a physical quantity 
such as conductance, voltage and current, which can be found in almost all 
electrical and optical systems. The electronic noise arises from two mecha-
nisms that originate from the random fluctuations of the velocity and the 
total number of the charge carriers in a conductor or semiconductor. It is 
important to study and investigate different noises, their sources and charac-
teristics, since noise sets a lower limit to the detection of small signals. 

The voltage noise is characterized by a power density spectrum (PDS), 
which means that the voltage noise fVn  is a function of frequency. Noise 
has usually a time average of zero and its PDS )( fSV  is )(2 fVn  speci-
fied in each frequency interval f. 
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Figure 1. Gas sensors have many parameters which are important to some 
extent depending on application. 
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There are many different noise sources in an electrical system. The fun-
damental noise components are thermal noise and shot noise, which can be 
controlled to some extent by the choice of a suitable device used in a particu-
lar application and by optimizing its dimensions. Thermal noise and shot 
noise are inherent to all devices and both are considered to be “white” noise 
sources, i.e. the PDS is nearly constant throughout the frequency spectrum. 
There are also excess noise components which add to these fundamental 
noise sources. Excess noise is caused by resistance (conductance) fluctua-
tions originating from unstable imperfections in the material or device, and it 
has the general property that the spectral density is inversely proportional to 
the frequency [18]. In the case of small relative fluctuations in a homoge-
nous material with Ohmic behavior, for the voltage noise spectrum induced 
by resistance (conductance) fluctuations, the following relation holds: 
 

2222 I

fS

V

fS

R

fS

G

fS IVRG                     (2.1)  

 
where fSG , fSR , fSV  and fSI  are the PSD of the fluctua-

tions of the conductance G, resistance R, voltage V and current I, re-
spectively. 

2.2 Thermal noise 
Thermal noise, also known as Johnson–Nyquist noise, is an intrinsic noise 
generated as a result of thermal motion of the charge carriers inside an elec-
trical conductor or semiconductor [19,20]. Thermal noise is due to velocity 
fluctuations of the charge carriers in a conductor and the effect occurs re-
gardless of any applied voltage or current. Current and voltage fluctuations 
in thermal equilibrium are given by the relations 
 

TGkYTkfS BBthI 4)Re(4)(,                         (2.2) 
 
and 
 

TRkZTkfS BBthV 4)Re(4)(,                        (2.3) 
 
where Y is the admittance, Z the impedance and T the temperature. 
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2.3 Shot noise 
Shot noise is due to the random variations in the number and the velocity of 
electrons in an electrical system. It was first observed and described by 
Schottky as voltage fluctuations in vacuum tubes (thermionic tubes) in 
which electrons are emitted from a heated cathode [21]. The power spectral 
density of the fluctuation at relatively low frequencies is given by the rela-
tion 
 
 IeS snI 2,                          (2.4) 
 
where e is the unit of charge and I  the mean electrical current. 

2.4 Flicker noise 
Flicker noise, also knows as pink noise or 1/f noise, is an interesting noise 
type. It is the dominant noise in electronic devices at low frequencies and the 
underlying resistance (conductance) fluctuations can be caused by fluctua-
tions of the carrier number or mobility [22]. It is interesting to note that 1/f 
fluctuations are not only seen in electrical systems but also observed in fi-
nancial, geological, physiological and musical phenomena, as discovered by 
Mandelbrot [23]. The PSD for flicker noise has the general form 
 

ffS 1                          (2.5) 
 
where f is the frequency and 20 . “Pink” noise 1  is intermediate 

between white noise 0  and red noise 2 . The red noise is also 
known as Brownian or “random walk” noise. The resistance of a homoge-
nous semiconductor of length l and cross section area A is described by 
 

)()(

2

ppenpn NNe

l

pneA

l
R                        (2.6) 

 
where n  and p  are the mobilities, Ne and Np are the number of electrons 

and holes, and n and p are the concentration of electrons and holes, respec-
tively. The empirical relation for 1/f noise is given by [24,25] 
 

s

f
fV fnV

V
S 1

2

1,                         (2.7) 
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where V is the average voltage drop across the sample, n  is the free carrier 
concentration, Vs is the volume of the sample with homogenous current den-
sity and f1  is a parameter in the range 3

1
6 1010 f  for good qual-

ity and homogeneous samples. This type of noise can be utilized for the 
analysis and quality assessment of electronic devices, as shown by the work 
of Vandamme [25]. 

2.5 Generation-recombination noise 
Generation-recombination (GR) fluctuations of the semiconductor conduc-
tivity are also resistance (conductance) fluctuations and they are due to the 
random generation and recombination of free charge carrier due to transi-
tions between the conduction/valence band and the trap energy levels. The 
measured voltage fluctuations across a semiconductor in this case are due to 
the local density fluctuations, which can be activated through thermal or 
optical processes. The number of carriers Ne (electrons) and Np (holes) in a 
semiconductor fluctuates due to generation-recombination processes. Hence 
the resistance will fluctuate and the GR-noise spectral density will be given 
by 

 
 

2
2

)2(1

4
)(

GR

GR
N f

NfS .                       (2.8) 
 
 

Here 2N  is the variance of the number of charge carriers in square and 

GR  is a time constant for the generation-recombination process. The time 
constant associated with each trap level is related to the temperature; there-
fore one can evaluate the activation energy of each trap level by tempera-
ture-dependent measurements of GR-noise [26]. 

Electronic noise might carry valuable information that can be utilized to 
serve a useful purpose and is hence favorable, depending on application. 
Common examples of applications that noise is used or highly probably will 
be used for in the future are random number generation, secure communica-
tion [27,28] and fluctuation-enhanced sensing (FES) [29]. The latter example 
is relevant to this work, in which noise spectroscopy is used as a tool for gas 
sensing. FES is a sensing principle that uses resistance fluctuations to pro-
vide ultra-sensitive chemical gas detection. It improves the selectivity of the 
sensor, without the need for multiple-sensor device-based systems, and 
makes the sensor capable of detecting a multitude of gases [30,31]. 
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3 Self-Cleaning Surfaces 

Surfaces that repel or decompose contaminants such as dirt particles, organic 
or inorganic molecules or even bacteria, without the need of external labor 
force or the use of decontamination agents or detergents, are considered to 
be self-cleaning or easy clean. It is a concept that has been introduced into 
different applications in which maintenance free surfaces are desirable 
[32,33]. Broadly speaking, and by no means exhaustive, the self-cleaning 
effect can be divided into three main categories depending on the mechanism 
by which they operate. These are: (i) Hydrophilic or hydrophobic surfaces, 
whereby the wetting properties are modified by surface structuring [32], (ii) 
photocatalytic surfaces, where highly oxidizing species attack pollutants and 
ultimately convert them into CO2, H2O and mineral acids aided by light irra-
diation (preferably sun or indoor light if it is to be a “self-cleaning” action) 
[33], (iii) surface charging or modification of chemical interactions and sur-
face acid/base properties [34,35]. In this thesis we have explored the latter 
strategy (papers II and V), i.e. the incorporation of acidic SOx moieties in 
nanocrystalline TiO2 films, after which the films were found to exhibit ole-
phobic or dirt repellent properties as probed by the adherence of a fatty acid. 

3.1 Wetting properties of solid surfaces 
Wetting is a process which involves the interaction of a liquid with a solid 
[35]. The ability of a liquid to maintain contact with a solid surface results 
from the intermolecular interactions between those different phases. Wetting 
can be the spreading of a liquid over a surface, the penetration of a liquid 
into a porous medium, or the displacement of one liquid by another. The 
wetting angle or contact angle w, as seen in fig. 2, is a measure of wettabil-
ity, and is determined by the balance between adhesive forces between the 
liquid and the solid and cohesive forces within the liquid. The adhesive force 
causes a liquid drop to spread on a solid surface whereas the cohesive force 
causes the drop to form a ball. 

At a high contact angle, i.e. 90w , the wetting of the surface is poor 
and the contact between the liquid and the solid surface is minimized. A 
compact droplet is formed. At a low contact angle, i.e. 90w , however, 
the wetting of the surface is good and the liquid will maximize its contact 
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Figure 2. A droplet of a liquid on a flat surface. The contact angle w is the angle at 
which the liquid/gas interface meets the solid/liquid interface. 

with the solid and spread over a large area. Various degrees of wetting and 
their corresponding solid/liquid and liquid/liquid interactions are summa-
rized in table 1 [36]. 

Table 1. Relationship between contact angle and degree of wetting and correspond-
ing interactions in the solid/liquid and liquid/liquid phases. 

Strength of: 
Contact angle Degree of wetting Sol./Liq. 

interactions 
Liq./Liq. 
interactions 

 = 0 Perfect wetting strong Weak 

strong Strong 
0 <  < 90° High wettability 

weak Weak 

90°   < 180° Low wettability weak Strong 

 = 180° 
Perfectly 
non-wetting 

weak Strong 

Surfaces that are completely wetted by water are considered to be superhy-
drophilic, i.e. 5w . And those that have completely non-wetting proper-
ties are considered to be superhydrophobic, i.e. 150w . The latter case is 
sometimes referred to as the Lotus effect. The leaves of the lotus flower are 
very water repellent and droplets are formed on the leaf which can move 
easily [37-39]. Nowadays it is considered that this superhydrophobic prop-
erty arises from combinations of several properties where interactions at 
different length scales are important and manifested in a complex micro- and 
nanoscopic surface structure together with a waxy surface composition of 
the leaves. To mimic such surfaces, biomimetic methods using both top-
down and bottom-up fabrication approaches have been successfully devel-
oped, including synthesis of fractal surfaces, growth of carbon nanotube 
forests, deep silicon dry etching [32,40,41]. 
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Figure 3 shows different forces acting on a liquid droplet at the three-
phase boundaries. Young’s equation states the relations between these forces 
and the contact angle according to [42] 

 
 

LG

SLSG
wcos                         (3.1) 

where SG , SL  and, LG  are the interfacial tensions between the solid and 
the gas, the solid and the liquid, and the liquid and the gas, respectively. 

 
Figure 3. Forces acting at a liquid droplet at the three phase boundary. 

According to Young’s equation neither SL   nor SG  can be larger than the 
sum of the other two surface energies. The restriction predicts the wetting 
properties of a gas, liquid and solid system in equilibrium. Complete wetting 
is achieved when SLLGSG  and zero wetting when SGLGSL . 
The equation (3.1) assumes an ideal solid surface which is perfectly smooth, 
flat, rigid, and chemically homogeneous and has zero contact hysteresis. 
Zero hysteresis implies that there is only one thermodynamically stable con-
tact angle and that the advancing a and receding r contact angles are equal. 
The advancing a and receding r angles are measured by adding water to, or 
withdrawing it from, the droplet until the wetting line is in static condition. 
The wetting line – or the phase boundary line – is defined as the conjunction 
line where the liquid, solid and gas phases meet. The hysteresis is defined as 

raH                          (3.2) 

It is important to keep in mind that ideal surfaces are very rare and real sys-
tems exhibit contact angle hysteresis. Therefore, it is advisable to measure 
and report both the advancing and receding angles when wetting measure-
ments are made, for the purpose of characterizing a solid surface [43]. 

Surface roughness is crucial to understanding superhydrophobicity on mi-
crostructured surfaces. Two distinct different wetting situations can be real-
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ized, which modifies the classical Young contact angle on flat surfaces (eqn. 
3.1): 

 
i) The first occurs when the liquid follows the topography of the solid sur-

face and is called the Wenzel state. Defining the surface roughness  as 
the ratio between the total surface area over the apparent (projected) sur-
face area, the equilibrium contact angle of a liquid drop is then given by 
cos( Wenzel) =  cos( w), where w is the Young contact angle on the flat 
surface as defined above. 

ii) The second situation arises when the liquid is in contact only with the 
highest protruding parts of the microstructured surface and is called the 
Fakir state. Only a fraction  of the solid surface (the protruding surface 
structures) is here wetted by the liquid. In this situation a water droplet 
adopts a contact angle which is given by the balance equation cos( Fakir) 
= cos( w) – (1 – ) (the Cassie-Baxter relation) [44]. 

 
It has been shown that the surface energy is minimized in the Fakir re-

gime if  > cos( Fakir)/cos( w). The opposite is true for the Wenzel regime. 
Thus a rough substrate favors the Fakir state. 

As stated above, the wetting of a surface by a liquid depends on the in-
termolecular interactions between the different phases and within the phases. 
The origin of the molecular interactions in the phases or across interfaces 
between two different phases may be divided into those of a physical and 
those of a chemical nature. The different interactions may exist and effect 
the system separately or collectively and the wetting parameters are additive. 
The wetting parameters are 

 
 the work of adhesion Wa, work required to disjoin a unit area of the 

solid/liquid interface 
 the work of wetting Ww, work expended in eliminating a unit area of the 

solid/liquid interface 
 and work of spreading Ws, work required to expose a unit area of 

solid/vacuum interface while destroying a corresponding number of the 
solid/liquid and liquid/vacuum interfaces. 

The forces that contribute to the physical interactions between molecules 
(apart from chemical bonding by means of electron transfer or sharing) in-
clude electrostatic, London (dispersion) forces, Keesom (dipole/dipole) 
forces, and Debye (dipole/induced dipole) forces. [45]. The latter three are 
collectively known as van der Waals forces. 

The chemical interactions are mostly dominated by the interfacial 
acid/base interactions which have a tremendous influence on the strength of 
the adhesive bonds at the interface and thus are important in wetting phe-
nomena [46]. The chemical interactions become evident whenever there is 
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an exchange of protons or electrons between neighboring molecules or func-
tional groups. Examples of chemical functional groups found on solid sur-
faces are –OH (Hydroxyl), –COOH (Carboxyl) –NH2 (Amino) etc [47]. 

When designing a surface with a specific wetting property for a desired 
application, controlling the wetting mechanism is important. One may take 
advantage of the interactions discussed above, separately or sometimes fa-
vorably as a combined effect. Applications of tailor-made solid surfaces with 
unique wetting properties that combine superhydrophobicity ( w > 150 ) 
with superhydrophilicity ( w < 5 ) can be found in marine coatings, micro-
fluidic devices, self-cleaning devices and water-oil separation for oil spill 
clean-up – to mention just a few. 

The wetting properties of surfaces have a substantial effect on the self-
cleaning properties of those surfaces. The self-cleaning properties are mani-
fested in the removal or transport of dirt particles using a continuous media, 
usually by water. There are two major transport mechanisms which are 
shown in fig. 4. On superhydrophobic surfaces the dirt particles are removed 
by droplets when they roll off the surface (fig. 4 a and b). On superhydro-
philic surfaces a film flow develops as water wets the surface and dirt parti-
cles are transported away by this film flow (fig. 4 c and d). 

 
Figure 4. Transport mechanisms of dirt particles on superhydrophobic (a and b) and 
superhydrophilic (c and d) surfaces. 

In chapter 4.1.3 we describe a method for functionalizing the surface of 
nanostructured TiO2 thin films. As a result, the surface becomes acidic due 
to the formation of surface SOx complexes, leading to a surface that has 
unique combined self-cleaning properties. The treated surfaces show hydro-
philic and olephobic properties, while the photocatalytic properties are pre-
served with new and more interesting long-term stability compared to the 
pure surfaces. 
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3.2 Photocatalysis 
Large band gap semiconductors are promising materials for conversion of 
photo-energy to electrical current or chemical energy. They represent a ge-
neric class of materials that are used in air and water cleaning and new en-
ergy sources (solar cells and synthetic fuel production). In particular, the 
oxidative degradation of organic pollutants by UV irradiated TiO2 is known 
to be an effective method for environmental purification [48-51]. This is a 
sustainable environmental technique, which utilizes non-toxic materials and 
can be carried out at room temperature using ideally only sun-light as the 
energy source. Thus considerable energy and maintenance savings can be 
made. However, so far existing photocatalytic materials suffer from low 
energy conversion efficiency, poor durability combined with non-trivial 
issues regarding substrate immobilization. New materials and processing 
methods are needed to advance this field. 

Today single metal oxides, with TiO2 as the dominant material, are almost 
exclusively used. Metal oxide semiconductors (MOS) are the preferred 
choice of materials that convert photon energy to chemical or electrical en-
ergy. In particular, transition metal oxides, which are large band gap semi-
conductors, belong to the most interesting class of materials. No other class 
of materials allows efficient charge separation as do these materials, since 
both electron-hole pair recombination and transport properties are advanta-
geous. MOS also offer a competitive edge over other inorganic semiconduc-
tors due to their high stability with respect to photo and chemical corrosion, 
and more importantly much lower cost. This is evident in the industrial pro-
duction and applications of titanium dioxide produced by Degussa AG. 
However, due to the large band gap of TiO2, only about 4 % of the solar 
spectrum can be harvested.  

The basic mechanism underlying TiO2 photocatalysis is schematically 
shown in fig. 5. Upon illumination, photons with energies higher than the 
optical band gap excite electrons from the valence band (VB) to the conduc-
tion band (CB) leaving behind a positively charged hole, as shown in fig. 5. 
A critical issue is the subsequent electron-hole pair transport to the surface 
without recombination. At the surface interfacial charge transfer occurs. 
Typically adsorbed oxygen, whose affinity level straddles the VB of anatase 
TiO2, is reduced, while adsorbed hydroxyls or organics are oxidized by the 
hole. In this way a TiO2 particle acts like a short-circuited photo-
electrochemical cell.  

The recent report of visible light active N, S, C-doped TiO2 – and many 
other material combinations – has spurred interest in finding new materials 
[33,52,53]. The structure, size, shape of transition metal oxides may be read-
ily modified using various synthesis method, as well as modified by either 
cat- or anion doping. New photocatalytic materials beyond TiO2 have been 
refereed to as the 2nd generation of photocatalysts [53].  
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Figure 5. Schematic drawing of some key elementary photo-induced reaction steps 
in TiO2 nanoparticles: (1) Photon absorption in the solid, (2) excitation of e-h pairs 
in the solid via an inter-band electronic transition, (3) bulk e-h recombination, e-h 
pair separation and subsequent scattering of (4) electrons and (5) holes towards the 
surface, (6) interfacial charge transfer with electron attachment on O2, and (7) hole 
attachment directly on an adsorbed organic molecules or OH. The upper insets show 
the energetics of the electron and hole attachment at the semiconductor surface 
(band bending is included for completeness, albeit not generally important). The 
lower right inset shows an E-k diagram of the indirect band gap excitation in a semi-
conductor such as anatase TiO2. 

Currently large efforts are also being devoted to other types of MOS to make 
e.g. low-dimensional heterostructured MOS. Tungsten trioxide (WO3) and 
TiO2-WO3, ZnO-TiO2 have been highlighted and are interesting also for their 
electrochromic applications [9,10,54]. Quite generally, a major problem with 
finding a good photocatalyst candidate is that it must meet all of the criteria 
above related to the e-h pair generation, recombination, and interfacial 
charge transfer properties, and at the same time be a good catalyst in the 
“traditional” sense, i.e., that it should bind reactants with a sufficient strength 
(Sabatier’s principle) to make and break bonds at the surface and be stable 
over time [55]. 
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While photocatalysis in the aqueous phase has been extensively studied, 
the corresponding gas-solid reactions are less well-studied (for reviews see 
e.g. Peral et al [51]). Interest in gas-solid heterogeneous photocatalysis is, 
however, increasing. In the past two decades it has become apparent that the 
photo-sensitized gas-solid reactions can be (at least) one order of magnitude 
larger than corresponding liquid-solid phase reaction [56]. With the con-
comitant interest in gas-solid applications in air cleaning and self-cleaning 
devices this field of photocatalysis has grown considerably. However, apart 
from visible light activity, additional issues such as surface deactivation and 
substrate immobilization remain to be solved [51]. It has been known since 
the 1960s that carbonate-carboxylate-formate (R-COO-) species form on the 
surfaces of metal oxides such as TiO2 and ZnO upon reaction with hydrocar-
bons [34]. Due to the strong bonding of these species to oxides, it was ini-
tially also thought that they irreversibly reacted with the oxide and ob-
structed the catalytic action. However, it has been established by primarily 
infrared spectroscopy that R-COO- species are key intermediates in oxida-
tion reactions, which after interaction with reactive O2 species decompose 
into CO2 and H2O or CO and H2, depending on catalyst and reaction condi-
tions. For example, it has recently been shown that the decomposition of 
surface-coordinated formate is the rate determining on rutile TiO2 nanoparti-
cles [34,55,57,58]. 

A wide range of techniques haven used to synthesize thin films of semi-
conducting oxides. For the built environments it is generally considered that 
sputter deposition, physical or chemical vapor deposition (PVD or CVD) 
techniques are preferable, due to their flexibility in terms of attainable film 
properties (chemical and structural) combined with good adherence to the 
substrate. In photocatalytic applications, it is desirable to make nanostruc-
tured thin films [8,53,59]. Apart from a large surface area, the special nature 
of the nanostructured semiconductors compared with their bulk counterpart 
gives several advantages that can be utilized to enhance the photocatalytic 
activity. Even though quantum-size effects are generally not important or 
dominant in most studies employing nanoparticles (>5 nm for TiO2) they 
may exhibit properties that are different from their bulk counterparts. First, 
the diffusion length is comparable to the particle size of the particles, which 
means that the bulk e-h recombination should decrease. Second, light ab-
sorption occurs closer to the surface and excitations in the depletion region 
can, if the particles are large enough, help to decrease recombination rate. 
Third, lattice defects and special surface structures may give rise to recom-
bination centers different from their bulk counterparts that generally deterio-
rate interfacial charge transfer rates and are thus expected to reduce overall 
efficiency. On the other hand, while surface e-h recombination becomes 
increasingly important for nanometer particles, most trapped electrons exist 
near the surface of nanoparticles and they may escape from shallow traps 
and participate in interfacial charge transfer. 
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An additional basic feature of some photocatalytic materials makes them 
also suitable for self-cleaning applications, namely light-induced super-
hydrophilicity [48,60], which was discussed in the previous section. This is a 
phenomenon which arises due to photo-induced water dissociation and the 
formation of large hydrophilic domains of surface hydroxyls. This feature 
makes it possible to effectively transport away pollutants from their surfaces 
by film flow. Self-cleaning surfaces using this latter principle have been 
fabricated by coating nanoparticles of TiO2 on various substrates. This type 
of coating can be made transparent and incorporated in for example, anti-
reflective or anti-bacterial coatings [60]. In these types of surfaces self-
cleaning is combined with PC; pollutants are thus degraded and not only re-
dispersed on these materials. The fact that a controlled surface texture is not 
needed in this concept is a clear technological advantage compared to the 
ultraphobic route to self-cleaning (e.g. the Lotus effect). 

Where should light for the PC come from in a building-integrated applica-
tion? And how should PC materials best be integrated in the built environ-
ment? UV light is the most efficient so solar irradiation is best, although 
residual UV from fluorescent light may be used as well. UV light also has 
the advantage that the PC active surface could be transparent to visible light. 
Figure 6 illustrates the principles of an air cleaning window (patented) en-
capsulating these principles. It shows an outer UV-transparent (iron-free) 
pane, an inner pane with a PC-active TiO2-based coating, and means to cir-
culate indoor air through the space between the panes.  

Current PC materials are almost exclusively based on TiO2 and limited to 
operation in UV light. It is generally agreed that new PC materials with in-
creased price/performance ratio must be developed to increase their market 
share and applicability [61]. As indicated above, developments beyond TiO2 
include growth of low-dimensional MOS nanostructures of for example, 
WO3, -Fe2O3, and binary and ternary oxides with and without dopant at-
oms. Stable, small band-gap materials open up avenues where e.g. light 
guides can be coated with a photocatalytic layer and used in ventilation sys-
tems and lightning devices [62-64]. 
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Figure 6. Principle of an air-cleaning window. Courtesy of Chromogenics AB. 
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4 Material Preparation Techniques 

The results presented in this report are based mainly on experimental work. 
It has involved thin film preparation and treatment, surface functionalization 
and the use of different characterization methods for revealing the physical 
and chemical properties of the prepared films. 

4.1 Film preparation 
Thin films of titanium dioxide were prepared by reactive DC magnetron 
sputtering. The films were annealed at high temperature in order to trans-
form the as-deposited amorphous phase to a crystalline phase. In three pa-
pers we explore the photocatalytic, gas sensing and self-cleaning properties 
of chemically modified TiO2 films prepared by photo-fixation of SO2 in a 
dedicated preparation chamber, which was constructed in the course of the 
PhD work. Ultra-fine particles used in paper III and IV were prepared by an 
advanced gas deposition technique. A detailed description of the film prepa-
ration methods is presented below. 

4.1.1 Sputtering 
Thin films of TiO2 were prepared using reactive DC magnetron sputtering. 
Sputtering is a physical vapor deposition technique (PVD) and is used 
mainly for thin film deposition [65,66]. The process requires a vacuum 
chamber within which both the sputter source and the surface to be coated 
are placed, facing each other. The fact that the process allows any solid ma-
terial, such as metals, alloys, ceramics and even polymers, to vaporize with-
out any additional thermal energy,  makes it the most extensively used 
method for thin film deposition in vast industrial applications. 

In the sputtering process positive gas ions are accelerated from a plasma 
towards a target consisting of the material to be deposited as a thin film. 
Target atoms are knocked out of the surface upon collision with ions that 
have sufficiently high energy, typically from few eV to 1 keV. The atoms 
that are released from the surface of the target travel through the chamber 
and are deposited on a substrate. The plasma consists of equal concentrations 
of positive and negative charges and a large number of neutral species. It is 
created when a working gas, usually Argon, is ionized by an applied poten-
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tial difference between the target, which acts as a cathode, and the rest of the 
vacuum chamber, which is grounded. When the argon ions impinge on the 
target surface, atoms are ejected from the surface and also secondary elec-
trons are released. By applying a strong magnetic field through the target the 
secondary electrons are trapped close to the target. In the presence of an 
applied electric field, the electrons move in helical paths around the mag-
netic field lines, causing further ionizing collisions with the neutral gas 
molecules. The rate of ionizing collisions is high close to the target where 
the magnetic and the electric fields are perpendicular to each other, leading 
to a local increase of sputter rate and hence formations of typical erosion 
track on the target. The use of a magnetron allows sputtering at a relatively 
lower pressure and at a higher plasma density, and thereby achieving high 
sputter rates. 

DC magnetron sputtering is used for sputtering from conducting targets, 
which implies that a constant current is drawn from the target. For sputtering 
from insulating or poorly conducting targets, however, RF sputtering (radio 
frequency) is required. In RF sputtering the current oscillates with a high 
frequency, enabling simultaneous sputtering and discharging of the target. 

Oxide and nitride films are prepared using reactive sputtering which in-
volves chemical reactions between reactive gases such as oxygen or nitrogen 
and the target material. These gases are usually introduced into the vacuum 
chamber via separate inlets and the composition of the films can be con-
trolled by varying the partial pressure of the reactive gases. A schematic 
picture of a sputtering system is shown in fig. 7. 

 
Figure 7. A sputtering system comprising a vacuum chamber and a magnetron, used 
for thin film deposition. 
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In this work films were prepared using a thin film deposition system based 
on a Balzers UTT 400 vacuum chamber [67]. The unit is equipped with a 
multi-planar magnetron system, enabling sputtering from four different tar-
get materials. The chamber is evacuated to a base pressure of ~10-7 mbar by 
using a turbo molecular pumping system. The chamber wall is equipped with 
a heating system for baking up to ~110 °C, for the removal of water, organic 
pollutants and outgassing spices from the chamber wall. Baking also helps to 
reach the base pressure even faster. 

Two magnetron sources were used for sputtering Ti from 99.99% pure 
metallic targets, 50 mm in diameter and 6 mm thick. Prior to sputtering, Ar 
(99.998%) gas was let into the chamber to allow the working pressure to be 
reached. The Ti targets were first pre-sputtered in Ar for a few minutes in 
order to remove oxides and other possible contaminants. Oxygen (99.998%) 
was introduced into the chamber via separate mass-flow controlled inlets and 
the sputter plasma was generated at a constant current of 750 mA to each 
magnetron. Other necessary preparation parameters are shown in Table 2. 

Table 2. Preparation parameters and deposition rate. 

                                                TiO2 
Power [W]                                           ~245 
Potential [V]                                        ~330 
Working pressure [mTorr]                  40 
O2/Ar flow rate [ml/min]                     ~0.067 
Deposition rate [nm/min]                    11-13 

During the film preparation process the substrates were rotated at a speed of 
~ 50 rpm in order to avoid formation of preferentially oriented structures in 
the films. A schematic diagram of the magnetrons and their relative positions 
to the substrate used in this work is shown in fig. 8. The TiO2 films were 
deposited onto different substrates with different thicknesses suitable for the 
material analysis techniques described in chapters 5 and 6. 
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Figure 8. Oblique angle dual magnetron set-up in the sputter chamber. 

4.1.2 Advanced gas deposition technique (AGD) 
Micro- and mesoporous films of semiconductor metal oxides of WO3 and 
NiO were prepared using an advanced gas deposition (AGD) technique also 
referred to as “gas evaporation” [68]. With AGD technique it is possible to 
prepare high quality ultra-fine particles (UFP) of metals, alloys and oxides, 
with a particle diameter as small as 1-5 nm and with a narrow particle size 
distribution. The process of formation of UFPs involves condensation of a 
vapour into particles. In the formation of UFPs of metals or alloys, the 
source, which is a pure metal or an alloy of solid solution of two or more 
metals, is heated and vaporized. Above the molten metal surface a supersatu-
rated vapor zone is formed, which is cooled by an inert gas, usually Ar or 
He, leading to nucleation and growth of particles as shown in fig. 9. In the 
case of formation of UFPs of oxides, however, oxygen gas is added to the 
inert gas leading to oxidation of the metal source and subsequent sublimation 
of the oxide into the vapor zone. 

Parameters that control the growth conditions of the UFPs and their size 
are the temperature of the evaporation source, molecular weight of the mate-
rial and the pressure of the atmospheric gas. Important factors in the nuclea-
tion and growth process are the rate of collisions between the evaporated 
atoms or molecules and also their residence time in the vapor zone. From the 
kinetic theory of gases it is known that the rate of collision between atoms, 
particles or molecules enclosed in a constant volume is dependent on the 
ambient pressure and the temperature. It has been shown experimentally that 
the higher the temperature and pressure, the larger the particle diameter [69]. 
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Figure 9. Evaporation and condensation of metal particles in an inert gas atmos-
phere. The evaporated vapor is gradually cooled as it diffuses through a gas and 
reaches a saturated state which leads to nucleation. Adapted from ref. [68]. 

In 1976 Granqvist and Buhrman introduced the classical technique for gas 
evaporation [70]. They found that isolated metal nanoparticles prepared by 
inert-gas evaporation followed a log-normal size distribution, which is ex-
pressed by: 
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where fLN(x) denotes the log-normal distribution function, x the particle di-
ameter,  geometric standard deviation and x statistical median. 

The equipment used for preparation of Ultra Fine Particles was a UFP 
formation and gas deposition system delivered by ULVAC (JAPAN). The 
system was furnished with two chambers, a formation or evaporation cham-
ber and a collection or deposition chamber, a vacuum pumping system and 
power supply, as shown in fig. 10. The UFPs were formed in a laminar gas 
flow in the formation chamber and were transported through a narrow pipe 
of 3 mm in diameter to the collection chamber where they impinged on a 
substrate. 
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Figure 10. A schematic picture of the equipment for production of UFP. 

Prior to evaporation, the chambers were evacuated to a pressure of ~ 3×10-2 
mbar. The evaporation of the metal oxide nanoparticles started by heating 
the evaporation source by induction, in a gas atmosphere of He and O2 with 
a flow of 10 l/min and 1 l/min, respectively. The evaporation sources were of 
pure tungsten or nickel pellets (~99.95%, CERAC inc., USA). The system 
automatically sets the pressure in the collection chamber P2 less than the 
pressure in the formation chamber P1. Due to the pressure difference P2 < P1 
(P1  20 mbar, P2  0.15 mbar) the particles produced in the formation 
chamber were transported through the transfer pipe with a gas flow. These 
particles originated from a small region of the vapor zone and therefore they 
were formed under approximately the same conditions and hence had a nar-
row size distribution. The rest of the particles were removed from the cham-
ber through an exhaust pipe to a vacuum pump and a filter. 
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4.1.3 Surface functionalization 
Surface functionalization means that one changes or introduces chemical 
functional groups into a surface in order to change or enhance specific 
chemical or physical properties of that surface. In this work the surfaces of 
TiO2 films were chemically modified by incorporating sulphur via a photo-
fixation process. The process involved film exposure to SO2 gas, under ul-
traviolet (UV) irradiation and at temperatures from 293 to 573 K. For this 
purpose, a homemade chamber was built, see fig. 11. The chamber consists 
of a tightly sealed steel container equipped with gas inlets and outlets and an 
electrical feed-through. Inside the chamber there is a light source and a hot-
plate is placed just under the light source at an adjustable distance. The light 
source consists of a cluster of 24 light emitting diodes (LEDs type NS370L-
5CLA [71]) arranged in a closely packed honeycomb pattern. Each LED 
emits light at 370 nm with a full width at half maximum of 12 nm. The heat-
ing of the samples was accomplished by the use of a hotplate which was 
either a thin ceramic heating plate or a thick copper plate with a built-in heat 
cartridge. In either case, the temperature was measured by a thermocouple 
and controlled by a computer. 

The samples were placed on the hotplate, coated side facing upward. The 
chamber was sealed and a gas flow of synthetic air (SA) with a feed of 1 
l/min was introduced into the chamber and the temperature of the heater was 
set to 673 K in order to remove organic impurities and water from the sam-
ple surface. After 15 min the temperature was set to the working temperature 
and a gas flow comprising 50 ppm SO2 in synthetic air with a total gas feed 
of 200 ml/min was then introduced into the chamber. One hour later, when 
the temperature and the gas concentration were stabilized, the sample was 
irradiated with (UV)-light for one hour, which was the final step in the func-
tionalization procedure. The flow of each gas was controlled by separate 
mass flow controllers (Millipore) and the distance between the UV source 
and the sample was adjusted to ensure an even distribution of the light inten-
sity on the sample, typically ~10 cm. 
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Figure 11. Equipment used for surface functionalization of the TiO2 samples. 

4.1.4 Heat treatment 
The as deposited films were heat treated by using a program controlled oven 
(Logotherm S17, Nabertherm). The maximum operating temperature of the 
oven is 1273 K and it has a temperature stabilization of less than ±2 K. The 
interior of the oven is connected to the outside for air circulation through a 
small channel. Films prepared with different deposition techniques were heat 
treated at various temperatures and for different amounts of time, as speci-
fied in the appended papers. 
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5 Material Characterization Techniques 

The crystal structure of the films was investigated by x-ray diffraction 
(XRD). The surface morphology and cross-sectional structure were exam-
ined with scanning electron microscopy (SEM). UV/Visible spectroscopy 
was used to measure the optical properties of the films. The concentration 
and the electronic states of the sulphur oxide molecules were examined by x-
ray Photoelectron Spectroscopy (XPS). The photocatalytic properties and 
adsorption of both organic and inorganic molecules on pure and functional-
ized films were probed by in situ Fourier transform infrared spectroscopy 
(FTIR). The gas sensing properties of sensors based on TiO2, WO3 and NiO 
were investigated by measuring the DC resistance and resistance fluctuations 
of the oxide films by conductivity measurements and noise spectroscopy. 

5.1 Thickness measurement 
Film thickness was determined by surface profilometry using a Tencor Al-
pha-Step 200 instrument. The instrument uses a diamond tip with a radius of 
12.5 m, which touches the surface beneath it gently and is scanned over the 
surface from a coated to an uncoated part of the sample. The height resolu-
tion of the instrument is 0.5 nm in a vibration-free environment, and the scan 
length is between 80 and 2000 m with a scan speed between 25 and 0.2 
s/ m. The substrate is partly covered with Kapton tape during the deposition 
in order to get a distinct substrate to film transition and a sharp film edge. 

5.2 X-ray Photoelectron Spectroscopy (XPS) 
XPS, originally named Electron Spectroscopy for Chemical Analysis 
(ESCA), is a surface analytical technique which is used widely to examine 
the solid surfaces of organic or inorganic materials. The technique utilizes 
the photoelectrical effect to retrieve information about the composition and 
chemical binding states of the different constituents [72]. Surface analysis by 
XPS is typically accomplished by irradiating a sample with monochromatic 
Al K  X-rays of energy  1486.6 eV, causing photoelectrons to be emit-
ted from the sample surface. The kinetic energies of the photoelectrons are 
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measured using an electron energy analyzer, from which the binding ener-
gies of the photoelectrons can be calculated according to 
 

kb EhE                         (5.1) 

where Eb is the electron binding energy, h  is the photon energy and Ek is the 
kinetic energy of the photoelectrons. The detected photoelectrons originate 
from a depth only a few tens of Ångström since the mean free path of the 
photoelectrons in solids is very small, making XPS a unique surface-
sensitive technique for chemical analysis. 

The XPS method is used to obtain information about the concentration of 
dopant atoms and their chemical states in SO2 photo-fixated TiO2 films as 
well as pure TiO2 films for comparison. In this work a PHI Quantum 2000 
Scanning ESCA Microprobe with monochromatic Al K  radiation source 
operated at 37.4-50 W and a low-energy electron flood gun for charge com-
pensation was used. High-resolution scans were obtained using a pass-
energy of 23.5 eV and an energy resolution of 0.1 eV and an X-ray beam 
with 150-200 m width. The binding energy scales were calibrated against 
the C 1s peak at 284.8 eV of adventitious carbon on the surface. 

5.3 Scanning Electron Microscopy (SEM) 
Photons and electrons can be used for imaging in material science. A micro-
scope operating with visible light has only the capability of resolving details 
down to 390-700 nm. The wavelength of a photon sets the limit for the reso-
lution of an instrument and thereby how small the details can be resolved 
(Abbe’s resolution limit). Electrons can instead be used for imaging details 
far smaller as their wavelength can be easily changed and made shorter by 
giving them high energy by accelerating them in an electric field. Electrons 
have many advantages compared to photons; they have wave properties 
which resemble the photons; they are electrically charged and can thus be 
accelerated in an electric field; they can be produced relatively easily 
through thermal emission or field emission. At moderate energies they inter-
act with a material without changing its structure, and finally, a beam of 
electrons can be deflected and focused by a magnetic field. A draw-back of 
electron imaging is, however, the issue of charging, which necessitates con-
ducting substrates or precautions for adequate compensation techniques. 

A scanning electron microscope is a widely used instrument for investi-
gating details down to ~2 nm in size. In an SEM, electrons are produced in 
an electron gun and accelerated by an electric field – typically with an accel-
erating voltage from a few 100 eV to 30 keV – to form a narrow beam. The 
beam is focused on a small spot by a set of magnetic lenses and finally 
scanned over the sample surface. The electrons interact with the material 
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close to the surface, giving rise to a typical pear-shaped interaction volume 
which is illustrated in fig. 12. The figure depicts different types of electrons 
and X-rays and the regions where they are created. 

Secondary electrons (SE), possessing very low energies, typically less 
than 50 eV, are released from the near surface and carry therefore topog-
raphic information, whereas backscattered electrons originate from larger 
depths and possess compositional information. The secondary electrons are 
detected by a detector and the signal is amplified and presented on a com-
puter screen [73]. 

In this work a LEO 1550 Gemini instrument equipped with a field emis-
sion gun (FEG) and an in-lens SE detector was used to examine the surface 
topology and cross sectional structure of TiO2 films deposited onto silicon 
wafers or ITO coated substrates. The samples were coated with a conductive 
alloy of Au/Pd in order to avoid charging and to allow easy characterization. 

 
Figure 12. Interaction volume in a typical SEM sample, giving rise to the emission 
of different electrons and X-rays. 

5.4 X-ray diffraction 
A very useful and widely used technique for characterizing solid materials is 
X-ray diffraction (XRD) [74,75]. The technique reveals detailed information 
about the chemical composition, crystallographic structure, orientation and 
various defects in a crystalline material. The process of interaction between 
X-rays and the electrons in a matter is governed by inelastic or elastic scat-
tering. In inelastic scattering the X-ray photons are either absorbed by an 
atom and one or more electrons are ejected from that atom, i.e. photo-
ionization, or they lose their energy on impact with loosely held valence 
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electrons and give rise to Compton scattering. X-rays may be scattered elas-
tically by electrons through Thomson scattering. The energy and the wave-
length of x-rays after interaction are conserved for Thomson scattering, in 
contrast to the two inelastic scattering processes mentioned above. The 
Thomson component is therefore made use of in structural investigations by 
x-ray diffraction. 

When monochromatic X-rays impinge onto a surface plane of a crystal 
lattice, some are reflected off the plane with an angle of reflection equal to 
the angle of incidence, while the rest are transmitted and subsequently re-
flected by deeper lying crystal planes. The reflected X-rays interfere with 
each other either constructively or destructively. Constructive interference 
occurs when two waves are in phase and add together to produce stronger 
intensity. This condition is shown schematically in fig. 13 for an X-ray with 
an incident and scattering angle of . The two reflected rays are in phase 
when the distance ABC, i.e. the difference in distance travelled by the re-
flected rays from the adjacent planes, is equal to a whole number of wave-
lengths. From these conditions one can derive Bragg’s Law, which is ex-
pressed by 

 
sin2 hkldn                         (5.2) 

where n is the order of reflection (n = 1,2,3…),  is the wavelength of the X-
rays, d is the distance between the planes with the Miller indices (hkl). The 
resulting wave interference pattern is the basis of diffraction analysis valid 
for any beam, e.g. ions, electrons and neutrons, having a wavelength similar 
to the inter-atomic distance in the lattice. 

 
Figure 13. Diffraction of x-rays by a crystal lattice. 

The Bragg peaks in a diffractogram may be shifted and/or exhibit broaden-
ing. The total peak broadening tot of a diffraction peak is the sum of instru-
mental broadening g, and broadening f due to crystallite size and non-
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uniform strain (intrinsic microstrain), whereas the peak shift is due to uni-
form strain (extrinsic macrostrain). The non-uniform strain is related to 
strain fields in the crystal lattice initiated by defects such as dislocations and 
vacancies. The uniform strain, however, arises from film on substrate 
growth-related stress, which can be tensile or compressive. The broadening 

f is the full-width at half-maximum (FWHM) of the diffraction peak after 
instrument correction, and is expressed as a combination of Scherrer’s for-
mula [76] for size broadening s , and the Stokes and Wilson formula [77] 
for strain broadening D , according to 
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where Ks is the Scherrer constant which takes into account the morphology 
of the crystallites and is ~ 0.94 for spherical crystallites, VD is the volume-
weighted average crystallite size, KD is a scaling factor that depends on the 
nature of the lattice distortions and model of microstrain, rms is the root 
mean square strain and is the Bragg angle of the peak centroid in radians. 
From eqn. (5.3) one can extract information about VD  and rms  by rear-
ranging the equation to what is known as the Williamson-Hall method 
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Thus, the plot of cosf  versus sin2  should give a straight line 
with slope rmsDK  and intercept Vs DK . The broadening f  to each 
Bragg peak (2 ) was determined by fitting a Gaussian curve to each peak. 

XRD analysis was performed on amorphous and crystalline TiO2 films 
deposited onto glass substrates by using a Siemens D5000 diffractometer 
operating with CuK  radiation and a wavelength of 1.5406 Å. All measure-
ments were carried out with the X-ray source fixed at a grazing incidence 
angle of  = 1° and the detector scanned over the angle 2  typically in the 
range 20°-85°. Standard data [78] were used to identify the diffraction peaks 
of TiO2. 

5.5 Optical measurements 
The optical properties of the prepared thin films were investigated in the 
wavelength range 300-800 nm using a Perkin-Elmer Lambda 900 
UV/Vis/NIR spectrophotometer. The spectrometer features a double beam, 
double monochromator, ratio recording optical system with pre-aligned 
tungsten-halogen and deuterium lamps as radiation sources. The double-
beam configuration has the advantage that it enables accurate, stable and 
reproducible results as error sources originating from environmental changes 
such as of air pressure, room temperature and fluctuations in the electric grid 
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are entirely suppressed. This particular spectrometer is equipped with a 150 
mm Spectralon covered integrating sphere for total reflectance Rt and trans-
mittance Tt, as well as diffuse reflectance Rd and transmittance Td measure-
ments of both specular and diffuse samples. The diffuse components repre-
sent light that is not specularly reflected or transmitted. The integrating 
sphere has five ports; a reference transmittance port (RTP), a reference re-
flectance port (RRP), a sample transmittance port (STP), a sample reference 
port (SRP) and a specular exit port (SEP). In the bottom of the sphere there 
is a detector (Photomultiplier for the UV/Vis range) and two baffles that 
screen the detector from the radiation coming from the entry port at STP or 
from the SRP. Figures 14 a-d show top views of the cross section of the in-
tegrating sphere in different configurations for measuring Rt, Rd, Tt and Td, 
respectively. When Rt is measured, the sample (colored gray) is placed at the 
sample reference port, while the specular exit port is removed when Rd is 
measured. The sample is placed at the sample transmittance port when Tt is 
measured and the sample reflectance port is covered by a Spectralon plate 
which is then replaced by a beam dump when Td is measured. The recordings 
of R and T are performed at near-normal incidence (~ 8˚) and at normal inci-
dence, respectively. During all measurements the reference reflectance port 
is covered by the Spectralon reference plate. 

The reflectance R and the transmittance T are calculated as 
 

I

I
R R  and 

I

I
T T ,                        (5.5) 

 
where IR, IT and I  are the intensities of the reflected, transmitted and in-
coming radiation, respectively. For scattering samples both the total reflec-
tance and the total transmittance consist of specular and diffuse components. 
Accordingly, one can express the total reflectance and the total transmittance 
as: 
 

dst RRR ,                         (5.6) 
 

dst TTT ,                                               (5.7) 
 
These components are scattered in the integrating sphere in different 

ways. The specular signal is scattered from the Spectralon, whereas the dif-
fuse signal is scattered by the sample. The reference beam is always scat-
tered by the Spectralon reference sample. The position from which these 
signals are scattered also differs as the interior of the integrating sphere 
looks slightly different depending on the observation position with respect to 
the sphere. These factors must be taken into account in the determination of  
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Figure 14. Cross sectional view of the integrating spheres in different modes for 
measuring a) total reflectance Rt, b) diffuse reflectance Rd, c) total transmittance Tt  
and d) diffuse transmittance Td. Adapted from ref. [79]. 

optical properties of scattering samples and hence corrections to the equa-
tions (5.6) and (5.7) are needed, which are thoroughly discussed elsewhere 
[80]. From the measured Rt( ), Rd( ), Tt( ) and Td( ), the corrected values of 
Rt and Tt were calculated, in the first approximation, according to: 

 
)()())()((96.0)( drefdtcor RRRRR ,                      (5.8) 

 
)()()()()( drefdtcor TRTTT ,                                              (5.9)          

where Rref( ) is the reflectance of the Spectralon reference measured at dif-
ferent wavelengths and the constant 0.96 is a correction factor due to port 
losses, position of the detector, geometry of the integrating sphere and the 
fact that the reference sample at (RRP) is not identical to the Spectralon. If 
one does not take into consideration the correction of the spectra taken by 
the integrating sphere as described above, the risk will be greater that the 
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sum of the measured total reflectance and the transmittance will be larger 
than unity, which is a contradiction to the first law of thermodynamics. This 
was the case for the TiO2 films studied in this work and the use of equations 
(5.8) and (5.9) led to more reliable and accurate results.  
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6 Surface Chemical Property Characterizations 

6.1 In-situ FTIR spectroscopy 
Fourier-Transform Infrared Spectroscopy (FTIR) is a vibrational spectros-
copy technique and is used to analyze and identify chemical compounds 
based on their vibrational properties. FTIR can be used for the qualitative 
and quantitative analysis of solids, liquids, and gases. FTIR spectroscopy is 
based on the selective and material specific absorption of infrared radiation 
(IR) by molecules and is one of the most powerful and versatile techniques 
used to identify different types of chemical bonds. The IR light excites vibra-
tional and rotational bands at frequencies that are characteristic for each type 
of bond in a molecule or solid. Fundamental vibrations of molecules typi-
cally lie in the 700-3000 cm-1 region (mid-IR region), while lattice vibrations 
occur in the far-IR region, < 700 cm-1. Therefore, a FTIR spectrum is gener-
ally so unique that it serves as a molecular fingerprint. The most frequently 
used region used for chemical identification of molecules is the so-called 
finger-print region 800-1800 cm-1 which contains the most characteristic 
vibrational features. 

The first generation FTIR spectrometers employed wavelength-resolved 
light for light irradiation of the sample with prisms and later gratings as dis-
persive elements, usually these are called dispersive spectrometers. The sec-
ond generation spectrometers, almost universally employed today, instead 
employ Fourier transform methods using, for example, a Michelson interfer-
ometer design for precise tracking of mirror movements. The conventional 
an FTIR spectrometer is basically equipped with an IR-source (polychro-
matic broad band emitter; typically SiC for mid-IR spectroscopy), an inter-
ferometer, a sample compartment with sample holder, a detector and elec-
tronics for data acquisition and processing, as shown in fig. 15. The IR light 
emitted from the source is directed into the interferometer where it is modu-
lated. The modulated light is directed and transmitted (or reflected) through 
the sample and is then focused onto the detector. The signal measured by the 
detector is called the interferogram (intensity vs. time), which is converted 
into spectrum (intensity vs. frequency) by Fourier transformation, which is a 
general method for converting a time domain signal into a frequency domain 
signal. 
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Figure 15. FTIR spectrometer of model IFS_66v/S equipped with reaction gas cell 
for in-situ measurements (Specular reflection cell). Adapted from ref. [81]. 

In this thesis FTIR spectroscopy was used to probe surface processes on 
nanostructured thin films that involve adsorption and photo-degradation of 
acetone, acetaldehyde and SO2. Typically nanocrystalline TiO2 films with 
thicknesses ~1-3 m prepared by reactive DC magnetron sputtering were 
used. The FTIR interferometer employed in this work was a vacuum spec-
trometer (Bruker IFS66v/S) equipped with a liquid nitrogen cooled narrow-
band HgCdTe detector. This particular FTIR spectrometer was furnished 
with specially modified reaction gas cells for in-situ transmission and specu-
lar reflectance measurements, respectively, and of transparent (CaF2) and 
reflective (Al2O3) samples, respectively, as described elsewhere [55,87]. A 
schematic description of the experimental set-up for in-situ transmission 
FTIR experiments is shown in fig. 16. The reaction cell allows for true in-
situ reaction FTIR studies that can be performed with simultaneous control 
of sample temperature, gas pressure and composition, and light illumination. 
Light illumination was from a LED light source of the same kind as in the 
dedicated preparation chamber described in chapter 4.1.3. (~1 mW cm-2 at 
the sample surface) and kept at ~1 cm from the sample surface. 
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Figure 16. A schematic picture of the reaction cell (transmission cell) and different 
gas sources necessary for photo-degradiation and photo-fixation studies. 

The photo-degradation experiments were performed by monitoring the sur-
face concentration of adsorbed organic species on pure and SO2 modified 
TiO2 (S:TiO2) samples as a function of time, respectively, and at room tem-
perature. The S:TiO2 samples were prepared in the dedicated preparation 
chamber described above. The photo-fixation experiments were performed 
by monitoring the surface concentration of adsorbed SOx species on pure 
TiO2 as function of time during intermittent 10 min dark and 10 min UV 
irradiation periods. Prior to each measurement the sample was heated to 673 
K for 15 min in 100 ml min-1 of synthetic air and subsequently cooled to the 
working temperature in the same gas feed. Repeated FTIR spectra as a func-
tion of dosing and illumination time were recorded in transmission (or 
specular) mode between 4000 and 900 cm-1 with 4 cm-1 resolution consisting 
typically of 128 scans (corresponding to 30 sec measurement time per spec-
tra). It should be emphasized that IR spectroscopy of adsorbed surface spe-
cies on metal oxide surfaces is in general prohibited below 1000 cm-1 due to 
the ionic metal-oxygen bonds in TiO2. The ionic character of the Ti-O bonds 
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in TiO2 is manifested in the strong IR absorption below ~ 950 cm-1. All spec-
tra were smoothed with a Savitzky-Golay algorithm using a 9-point window. 
Absorbance peak areas were obtained after appropriate base line corrections 
of the spectra. 

6.1.1 Photocatalytic degradation and photo-fixation studies 
Photo-degradation of acetone and acetaldehyde 
Acetone dosing (analytical grade, Scharlau) was done using a home-built gas 
generator based on a diffusion tube design, which injected vapour from a 
liquid reservoir held at constant temperature into a synthetic carrier gas (20% 
O2, 99.994% purity and 80% N2, 99.999% purity) through a quartz tube with 
specified inner diameter and length [57]. A carrier gas flow of 100 ml min-1 
was used and controlled via a set of mass flow controllers (Bronkhorst). 
Employing a 0.5 mm inner diameter diffusion tube and a reservoir tempera-
ture of 298  0.2 K yielded a steady state concentration of 320 ppm acetone 
in the gas feed. The TiO2 samples were exposed to the reaction gas for about 
15 minutes, followed by 15 minutes long dwell time with only synthetic air 
in the gas feed before the UV-illumination commenced.  

Acetaldehyde dosing was done by introducing a gas flow comprising 50 
ppm acetaldehyde (AGA, 99.98%) in synthetic air with a total gas feed of 
100 ml min-1 into the chamber via separate mass flow meters. The TiO2 
samples were exposed to the reaction gas for about 15 minutes followed by 
15 minutes long dwell time with only synthetic air in the gas feed before the 
UV-illumination commenced. 
 
Photo-fixation of SO2 
For photo-fixation studies the same setup as shown in fig. 16 was used. In 
this case a gas flow comprising 50 ppm SO2 in synthetic air with a total gas 
feed of 100 ml min-1 was introduced into the reaction cell via separate mass 
flow meters. In fig. 17 typical transmission spectra at different times during 
illumination of a TiO2 surface exposed to 50 ppm SO2 are shown. The mode 
resolved absorption bands that appear on the surface in the course of illumi-
nation provide information both on the uptake kinetics (paper II and V) and 
identity of the photo-fixated surface products that are responsible for the 
oleophobic surface properties described in the results section. 
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Figure 17. IR transmittance spectra of formation of different SOx complexes on 
crystalline TiO2 surface via photo-fixation process. The transmittance decreases only 
when the surface is irradiated by UV. 

6.2 Gas sensing measurements 
Gas sensors based on semiconductor metal oxides such as TiO2, NiO and 
WO3 were investigated. The sensor’s sensitivity, selectivity, reproducibility 
and dynamic response were studied during exposure to different toxic and 
combustible gases such as H2, H2S, SO2, NH3, NO, NO2, CO, CO2, CH4 and 
acetaldehyde at various concentrations in dry synthetic air, and at working 
temperatures from ambient to 673 K. The TiO2-based gas sensors were stud-
ied under simultaneous UV irradiation. 

The experimental set-up employed for gas sensing applications is de-
picted in fig. 18. The system comprised a gas supply connected to a test 
chamber, which contained the sensor, electronics and a light source for illu-
mination. Equipment such as a power supply (Thander TS3021S), an elec-
tromagnetically shielded box with batteries and connectors, a multimeter 
(HP 34401 A), a low-noise voltage preamplifier (Stanford SR 560) and a 
computer equipped with a precise data acquisition board (National Instru-
ment NI 4474) were also used and connected to the test chamber. Light emit-
ting diodes (LEDs) with different wavelengths were used as light sources 
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and they were kept at a constant distance of ~2 cm from the sensitive layer 
of the sensor. The gas supply system consisted of gas bottles, one with syn-
thetic dry air (20% O2 and 80% N2) and the other a test gas x which was 
usually a mixture of the actual gas and N2. The synthetic air was used as the 
carrier gas and purging gas. The flow of the gases was controlled by two 
separate calibrated mass flow controllers. The test gas with concentration, 

specxC , , (in ppm) was used as delivered from the manufacturer (Air Liquide). 

Figure 18. System used for gas sensing applications. 

The concentration of the test gas at detection was ectxC det, and was deter-
mined by eqn. (6.1), 
 

ectxspecx
SAx

x CC det,,                         (6.1) 

 
where x  and SA  were the gas calibrated volume flow of the test gas and 
synthetic air through the test chamber, respectively. SA  was usually set 
below 1 l/min and was kept constant through the measurements, while x  
was determined from eqn. 6.1 in order to achieve a certain ectxC det, . The sen-
sor device, as shown in fig. 19, was made from a planar alumina substrate 
with pre-printed gold or platinum electrodes on the upper side separated by a 
0.3 mm wide gap, 5 mm in length. A platinum heating resistor wire was 
deposited on the back of the sensor substrate, allowing accurate control of 
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the sensor temperature during operation. The sensor was connected with 
platinum wires for both heating and measuring the gas response. The size of 
the sensor substrate was 0.6 mm × 6.5 mm × 8.5 mm. A detailed description 
of the sensor can be found elsewhere [82] 

 
Figure 19. Front of the gas sensor with electrodes printed on an alumina substrate, 
and b) back with Pt heating resistor elements. 

The gas sensor response to the gases mentioned above was measured as a 
change in DC resistance or resistance fluctuations R(t) in the oxide films, 
which were observed as voltage fluctuations at the output of a current-
voltage converter as shown in fig. 20. The output voltage is proportional to 
R(t) and the DC current Uref/Rl flowing through both resistors R1 and R(t). 
The circuit used an ultra-low bias current operational amplifier OPA129 and 
converted current into voltage for R(t) values as high as a few G . 

 
Figure 20. Current-voltage converter for observing resistance fluctuations in the 
sensors. 

The output voltage fluctuations of the current-voltage converter were ampli-
fied by a low-noise voltage preamplifier (Stanford SR 560) and were regis-
tered by a precise data acquisition board (National Instrument NI 4474). 
Voltage noise measurements were carried out in the frequency range be-
tween 100 Hz and 25 kHz and with a sampling frequency of 50 kHz. The 
recorded signal was transformed into power spectral density (PSD) using the 
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MATLAB function pwelch which uses Welch's method for transformation 
[83]. The power spectral density of the resistance fluctuations is denoted by 
SR which has the unit Hz2 . The results from the noise measurements 
were presented as plots of 2RSR  vs f where R is the estimated DC resis-
tance of the sensor. The sensor’s response S was defined as airx RRS  and 

xair RRS in the case when Rx > Rair and Rair > Rx, respectively. The Rair 

and Rx were the sensor’s baseline resistance in air and the sensor’s resistance 
after its exposure to the test species, respectively. Rair and Rx were estimated 
from the output DC voltage which was recorded when it had reached a stable 
state before and after the gas sensor’s exposure to the test gas, respectively. 
The temperature of the gas sensor was set to the working temperature before 
measurements. The DC voltage and the voltage fluctuations were recorded 
before and after changing any parameters such as gas concentration and the 
intensity of the UV source. 

Fluctuations or noise measurements are very sensitive to external parasitic 
distortions from the power line – typically 50 Hz signal and its overtones – 
and even nearby electrical equipment. In order to minimize these factors, 
electromagnetic shielding was provided by using high quality coaxial cables 
and connecting the test chamber and all the equipment necessary for gas 
sensing measurements to the same ground. Stable battery sources for the 
reference voltage Uref and circuit operation were employed to ensure domi-
nance of the gas sensor resistance fluctuations in the observed voltage noise. 
These batteries were also kept inside a shielded box. 

6.3 Contact angle measurements 
The sessile drop method was used to measure the contact angle of distilled 
water droplets applied on pure and sulphur doped TiO2 films. A small drop-
let (~2 L) attached to the end of a syringe needle was placed on the surface. 
The advancing a and receding r angles were measured by adding to or 
withdrawing water from the droplet until the wetting line was seen to not 
move. Pictures were taken of the cross section of the droplets by a micro-
scope equipped with a digital camera. The microscope was slightly off hori-
zontal (~ 1-3°) so that the edge of the droplet and its reflected image from the 
sample surface were both visible. The contact angles were then extracted 
from the pictures using computer software ImageJ [84] with DropSnake 
plug-in [85]. Several measurements where made on both sides of the drop-
lets – being in the static condition – and the numbers were averaged. 
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7 Results and Discussion 

The main parts of my results are discussed in detail in papers I-V as enclosed 
in the last part of this thesis. In this chapter I will present the latest findings 
in my research that are not yet published. That includes results concerning 
photocatalytic degradation of acetaldehyde on pure and sulphur doped TiO2 
films and contact angle measurements on the same type of samples 

7.1 Photo-degradation of acetaldehyde 
Acetaldehyde is an important indoor air pollutant and is proposed as a stan-
dard air pollutant for photocatalytic air cleaning (ISO TC 206/SC). The 
odour threshold for acetaldehyde in air is   0.09 mg/m3 (  0.05 ppm), while 
the permissible exposure limit value (PEL) is in the range  50 ppm 
(OSHA), the threshold limit vale (TLV) is  25 ppm (ACGIH) and the rec-
ommended threshold value (TLV) is “as slow as possible” (NIOSH) [86]. 

Figure 21 (a-b) shows in-situ FTIR transmission spectra of photo-
degradation (PID) of acetaldehyde on pure- and sulphur-doped TiO2, respec-
tively. The spectra were taken during simultaneous UV illumination for 68 
minutes. Initially, IR bands with highest intensity occurred at 1655 cm-1 and 
1641 cm-1 on pure and S:TiO2, respectively. The intensity of the band at 
1655 cm-1 was estimated to be ~ 1.3 times stronger than that at 1641 cm-1, 
indicating that the concentration of acetaldehyde adsorbed on the pure TiO2 
surface was higher than that for the doped surface. This inter-comparison 
can be made since the experiments were performed with identical films in 
transmission mode; the only difference was that the S:TiO2 film was sub-
jected to SO2 pre-treatment as described in chapter 4.1.3, which however did 
not change the structure or morphology of the film. The intensity of these 
bands gradually decreased when the surfaces were irradiated with UV light. 
Meanwhile, a broad band centered at ~ 1566 cm-1 formed on both surfaces. 
This band can be assigned to coordinated formate molecules, which is a rest 
product from PID reactions and is known to be very stable and is decom-
posed very slowly on TiO2 [87]. From fig. 21 it is clearly seen that the con-
centration of formate on the S:TiO2 surface is much less than that of the pure 
sample. The intensity ratio between the band at 1566 cm-1 from the pure and 
doped samples, respectively, is estimated to be ~ 10. 
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Figure 22 shows integrated absorbance of the acetaldehyde (C=O) band 
as a function of time during UV irradiation on pure and S:TiO2 films. The 
photo-degradation rate constants kdec and kdec,S [min-1], respectively, for these 
films were determined by integrating the absorbance A(t) of the (C=O) vi-
bration at 1655 cm-1 and 1641 cm-1, respectively, versus time. The integra-
tion was performed employing a band width of 30 cm-1 with the centre at the 
peak positions. Assuming first-order reaction kinetics, i.e. kteAtA 0)( , the 
rate constants were estimated to be kdec = 0.079 min-1 and kdec,S = 0.067 min-1, 
respectively. It can be concluded that pure TiO2 films have a higher degrada-
tion rate (~ 18 %) than S:TiO2 films. Pure TiO2 films also have a greater 
tendency to adsorb acetaldehyde molecules on the surface. On the other 
hand, the formation of surface coordinated formate is much less on S:TiO2 
films, which is an important factor for sustained photocatalyst operation. 
[87,88]. 
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Figure 21. In situ FTIR transmission spectra of photo-degradation of acetaldehyde 
on (a) pure and (b) sulphur doped TiO2. A UV diode (370 nm) was used for PID 
studies of the (C=O) band of acetaldehyde molecule. 
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Figure 22. Evolution of (C=O) acetaldehyde peak area on pure ( ) and sulphur 
doped ( ) TiO2. 

7.2 Contact angle measurements 
Figure 23 shows photographs of advancing and receding contact angle 
measurements of water droplets under static conditions on the pure (a and b) 
and S:TiO2 (c and d) films coated on Si(100) substrates. The advancing an-
gles for the pure and S:doped TiO2 films were 66.73° and 48.72°, respec-
tively; hence a decrease of 27 %. The receding angles for the same samples 
were 8.71° and 6.97°, respectively, thus yielding a decrease of 20 %. It is 
evident that the contact angles change notably on S:TiO2. Modification of 
the TiO2 surface with functional SOx groups results in distinct changes of 
wetting properties which can be traced to changes in acid-base surface prop-
erties. The surface becomes acidic upon SO2 photo-fixation, as discussed in 
paper II, which renders the surface hydrophilic. The role of acid-base inter-
actions in wetting is known to be significant for wetting properties as dis-
cussed elsewhere [46,47]. 
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Figure 23. Advancing and receding contact angles of water droplets on pure (a and 
b) and S:TiO2 (c and d) thin films on Si(100) substrates. 
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8 Summary and Conclusions 

We have shown that nanocrystalline TiO2 films prepared by reactive DC 
magnetron sputtering can be used both as photocatalytic, dirt repellent and 
gas sensing materials. It was shown that low concentrations of H2S can be 
detected by noise spectroscopy provided that the gas sensor is irradiated by 
UV light. We surmise that this effect is associated to the well known photo-
catalytic activity of TiO2. Combining gas adsorption and photocatalysis ap-
pears to be a promising new approach for enhancing gas sensor sensitivity. 

We have also shown that it is possible to incorporate sulphur into the sur-
face of crystalline TiO2 films, the same as above, in the form of strongly 
bonded SOx complexes, at relatively low temperatures and under low-
intensity UV irradiation. These surfaces are resistant to sonication in water 
as the concentration of those SOx complexes remained unchanged, as shown 
by XPS. A direct consequence of the surface treatment is a prominent in-
crease of the optical absorption in the visible region, which is an important 
feature for photocatalytic applications. Additionally, due to a modified sur-
face acidity, the films exhibit interesting olephobic properties towards or-
ganic substances. The latter property was demonstrated for stearic acid, 
which is a model substance for dirt and grime deposits on surfaces. 

Nanocrystalline films of NiO for gas sensing were successfully produced 
by advance reactive gas deposition. The potential of this material for detect-
ing two different hazardous gases, specifically H2S and NO2, even when 
operated at room temperature was demonstrated. The response of the sensors 
depended both on the annealing temperature for the films and on the operat-
ing temperature of the sensors. The highest response to both gases was ob-
tained for NiO nanoparticle films annealed at 400 °C, and the optimal operat-
ing temperature was found to be in the ranges 150–162 °C for H2S detection 
and 100–125 °C for NO2 detection. As far as we know we have shown for 
the first time that H2S can be detected by NiO-based gas sensors, and that it 
is possible to operate these sensors at room temperature even in the case of 
NO2 detection. The low optimal operation temperature makes these gas sen-
sors very interesting for applications in particular under conditions where a 
low power consumption in desired during long term operation. The results 
reported here regarding H2S detection are very interesting also when com-
pared with results presented by others. Our NiO-based sensors outperform 
significantly most of the metal oxides commonly employed as gas sensitive 
films, such as SnO2 [89,90], ZnO [91,92], Fe2O3 [93], and In2O3 [94,95]. 
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Hybrid gas sensors were fabricated by means of the superposition of an 
MWCNT layer and a WO3 nanoparticulate one. The fabricated layers were 
tested for detecting hazardous gases such as NO2, CO, and NH3. Based on 
these results, modulation of the width of two depletion layers existing at the 
surface of the tungsten oxide grains and at the interface of tungsten oxide 
grains and the MWCNTs, respectively, is postulated as the mechanism that 
could explain the enhanced performance of hybrid WO3/MWCNT sensors in 
comparison with pure metal oxide or pure MWCNT sensors. One well-
known drawback of chemical gas sensors is the significant drift that they 
suffer after gas exposures. However, our sensors do recover after gas expo-
sure, presenting a minimal drift in their baseline resistance. Furthermore, 
their responsiveness was found to remain stable in the case of measurements 
performed at quite large time intervals. All these aspects make further study 
of hybrid materials made of MWCNTs combined with metal oxides worth-
while as potential sensitive layers able to selectively and reproducibly detect 
hazardous gases at ambient temperature. 
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9 Suggestions for future works 

The work presented in this thesis covers a wide range of application areas, 
which by themselves constitute large research fields. It would be presumptu-
ous to attempt to cover them all in a way that makes them justice. Neverthe-
less the focus here on the fabrication and physicochemical characterization 
of novel metal oxide semiconductor thin films has led to some new results, 
in particular concerning gas sensing and photo-chemical surface functionali-
zation. This work highlight some aspects which should be further research in 
related to this: 
 
 

i) The sensitivity of the TiO2-based sensors under UV irradiation to 
different gases is very important and should be investigated with 
gases other than H2S, preferably having different electron affinities 
and exhibiting donor and acceptor properties. Preliminary results 
show that there is a sensor response when using gases such as NH3, 
SO2, NO, CO and acetaldehyde, while no response at all when using 
gases such as CO2, NO2, H2 and CH4.Such studies should provide 
mechanistic insights into the UV induced resistance and its changes. 

 
ii) In paper II it was shown that strongly bonded surface coordinated 

SOx complexes were produced on the nanocrystalline TiO2 films, of 
the same kind as in paper I, under UV irradiation, when the films 
were exposed to SO2 gas at temperatures above 473 K. The results 
showed that the optical properties as well as the surface chemistry of 
the films changed due to the photo-fixation of SO2. This effect is ex-
pected to be the same if one would have H2S gas instead of SO2, as 
H2S oxidizes on the surface of TiO2 under the same conditions. 
From the gas sensing point of view, in which case one strives for 
stable conditions and reproducible results, the photo-induced SO2 
uptake is not desirable as the material properties change. But, on the 
other hand, the temperature can be adjusted to account for this effect 
(operation above 523 K seem adequate from the results in paper II). 
It should be further investigated how this will change the sensor’s 
sensitivity and selectivity compared to the pure one and at lower 
substrate temperatures. 
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iii) The effect of irradiation on the sensor sensitivity is not exclusive for 
the TiO2-based gas sensors. Preliminary results show that WO3-
based sensors also exhibit sensor response towards for example 
methane (CH4) gas only under UV irradiation. More interestingly, 
the response was higher than for blue light than for the UV light. 
The work presented in this thesis suggests that this may be associ-
ated to visible light activated photo-chemical reactions, but this must 
be further studied. 

 
iv) The photocatalytic properties of pure and S-doped TiO2 films have 

to be examined further, i.e. to measure the photodegradation rates of 
different organic molecules such as acetone and acetaldehydes. In 
that case, UV and blue light sources have to be employed in order to 
quantify and compare the photo-activity of the pure and S-doped 
TiO2 films, respectively. Preliminary work, which is presented in the 
introduction of this thesis have been made but much more work is 
necessary to complement these studies. 

 
v) The long term oleophobic properties of sulphur doped TiO2 films 

have to be investigated thoroughly. In paper II we showed that no 
traces of stearic acid were found on films treated with sulphur. This 
was done by spin coating a solution with 0.8 mM of stearic acid on 
pure and doped TiO2 films and were subsequently analysed with IR 
for probing stearic acid molecules on the surface. Although two re-
peated measurements were made, systematic studies followed by 
spectroscopic analysis are needed to study the fate of the photo-
fixated SOx species subjected to such repeated experiments. 

 
vi) In chapter 7.2 we have shown that the contact angle varies from pure 

to sulphur doped TiO2 films due to the change of the surface chemis-
try. We have presented a result that is based on a simple contact an-
gle measurement using deionized water. It is highly recommended to 
perform contact-angle titration on the same samples. It is a more ex-
tensive method compared to the one presented in this thesis, which 
uses water with different pH values, as described by Whitesides and 
co-workers [96]. The results from such measurements are shown as 
advancing contact-angle versus pH. 
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10 Swedish summary 

Vår hälsa, välbefinnande och trivsel är starkt förknippad med den miljö som 
vi lever i. Den moderna människan i den industrialiserade delen av världen 
tillbringar upp till 90 % av sin tid i byggnader och fordon. Det betyder att 
kvaliteten på inomhusmiljön är mycket viktig. Nya generationer strävar mer 
efter trivsel och bättre levnadsstandard än sina föregångare samtidigt som de 
är mer energi- och miljömedvetna. De nya kraven har oundvikligen lett till 
ändrade design- och byggnormer för t.ex. byggnader och ökat användningen 
av syntetiska byggmaterial, med bättre komfort och lägre energikonsumtion 
som resultat. De nya materialen har dock inte bara inneburit fördelaktiga 
effekter. Förändringarna har lett till täta byggnader med otillräcklig ventila-
tion jämfört med de gamla. Det har i vissa fall lett till försämrad inomhus-
miljö genom t.ex. exponering av hälsofarliga ämnen som bildas från synte-
tiska material. Över 900 olika kemiska föreningar har hittats i inomhusluft 
av vilka de är flyktiga organiska föreningar (eng. Volatile Organic Compo-
unds (VOCs)). Studier har visat att koncentrationen av vissa föroreningarna 
är högre inomhus än utomhus och att exponering för dessa kan framkalla 
diverse komplikationer t.ex. irritation i ögon, övre luftvägar och hud samt 
allmänsymptom som huvudvärk, trötthet och illamående, s.k. sjuka-hus syn-
dromet (eng. Sick Building Syndrome (SBS)). Det har också visat sig att 
avvikande halter av syre, koldioxid och luftfuktighet från de normala i in-
omhusluft, och även inomhustemperatur, är faktorer som har signifikant 
påverkan på inlärning, minne och koncentrationsförmåga hos studenter. 

Ett effektivt ventilations- och luftreningssystem kan vara lösningen till 
problemen, men dessa metoder konsumerar mycket energi och kan även i sig 
själv vara en källa till ohälsosamhet. Det har föreslagits att olika metalloxi-
der med mycket små strukturer – nanostrukturer – kan vara ett attraktivt 
alternativ för att främja en bättre inomhusmiljö. Oxiderna kan t.ex. användas 
i gassensorer för detektering av giftiga och brandfarliga gaser och i självren-
görande ytor för luftrening och nedbrytning av smuts. I det senare fallet ut-
nyttjas den fotokatalytiska effekten hos oxiden. Fotokatalys är en fotoindu-
cerad reaktion och innebär att katalysatorn (oxiden) tar hand om ljusets 
energi för att bilda reaktiva radikaler på oxidytan som får reagera med orga-
niska ämnen med vatten och koldioxid som slutprodukt. En teknisk utma-
ning är att dessa oxider ska exponeras för den omgivande miljön på ett effek-
tivt sätt. Olika fysikaliska beläggningstekniker har visat sig vara mycket 
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användbara för att tillverka funktionella ytbeläggningar av oxider och är en 
attraktiv metod för att tillverka grön nanoteknologi för inomhusmiljö. 

I den här avhandlingen har jag utvärderat de fotokatalytiska och självren-
görande egenskaperna hos nanostrukturerade halvledaroxider av TiO2 (titan-
dioxid), samt gassensoregenskaper hos nanoporösa filmer av WO3 (volfram-
trioxid) och NiO (nickeloxid). 

Tunna filmer av TiO2 (0.5-3 m) tillverkades med hjälp av katodförstof-
ning (eng. sputtering). Det är en vakuumteknik för tillverkning av tunna 
filmer av metaller, oxider och även plaster. Med den här tekniken skapar 
man fria beläggningsatomer från en kall yta (eng. target) genom att bombar-
dera ytan med accelererande joner. Nytillverkade filmer av TiO2 visade sig 
ha en amorf struktur vilka omvandlades till kristallina genom att efterbe-
handla filmerna under förhöjd temperatur (500°C) i luft. Kristallstrukturen, 
ytmorfologin, optiska och kemiska egenskaperna hos filmerna har under-
sökts med hjälp av röntgendiffraktion, elektronmikroskopi, UV/Vis spektro-
skopi och elektronspektroskopi. De fotokatalytiska egenskaperna och ad-
sorption av organiska och icke organiska molekyler på rena och funktionali-
serade TiO2 filmer har undersökts med hjälp av Fourier transform infraröd 
spektroskopi. Gassensoregenskaperna hos samtliga oxider undersöktes med 
hjälp av konduktivitetsmätningar och brusspektroskopi. 

Porösa filmer av WO3 och NiO har tillverkats med hjälp av reaktiv gas-
förångning. Det är en avancerad teknik för att skapa små partiklar i nanome-
ter storlek med en snäv storleksfördelning. Partiklarna bildas när en upphet-
tad gas får kylas ned i en kontrollerad atmosfär, s.k. gaskondensation. Resul-
tat från mätningar på NiO baserade sensorer visade att de kan användas ner 
till rums temperatur vilket är viktigt från energi synpunkt. Det visades för 
första gången att NiO baserade sensorer kan användas för att detektera ga-
serna H2S och NO2. WO3 sensorn var tillverkad som en hybrid sensor bestå-
ende av WO3 nanopartiklar och kolnanorör (eng. multiwalled carbon nano-
tubes (MWCNTs)). Den användes för att detektera gaserna NO2, CO och 
NH3. Resultaten visade att hybrid sensorerna återställdes snabbare jämfört 
med rena WO3 baserade sensorer av samma typ. TiO2 baserade sensorer 
användes för att detektera H2S. Låga koncentrationer av H2S kunde detekte-
ras med brusspektroskopi förutsatt att sensorn bestrålades med ultraviolett 
ljus. Man kan dra slutsatsen att gas adsorption och belysning är lovande för 
att förbättra sensors känslighet och selektivitet. 

Jag har i avhandlingsarbetet visat att svavel ”foto-fixeras” i kristallina 
TiO2 filmer under exponering av SO2 och ultraviolett belysning. Kinetikstu-
dier och identifiering av de foto-fixerade svavelkomplexen visar att dessa 
bildas genom en fotoinducerad reaktion mellan syret i luften och SO2 i 
vakanser på TiO2-ytan. Analyser har visat att dessa komplex är stabila upp 
till ca 270 °C. En direkt konsekvens av foto-fixering av SO2 är en markant 
ökning av den optiska absorptionen av materialet och en modifiering av 
ytans surhetsgrad. De svavelhaltiga filmerna uppvisar intressanta självrengö-
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rande egenskaper jämfört med de rena. Den mest uppseendeväckande effek-
ten är deras fettavvisande egenskaper. Dessa filmer kan finna tillämpningar 
som självrengörande ytbeläggningar. 
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