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Abstract
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This thesis concerns experimental studies of nanocrystalline tungsten trioxide thin films.
Functional properties of WO3 have interesting applications in research areas connected to energy
efficiency and green nanotechnology. The studies in this thesis are focused on characterization of
fundamental electronic and optical properties in the semiconducting transition metal oxide WO3.
The thesis includes also applied studies of photocatalytic and photoelectrochemical properties
of the material.

    All nanocrystalline WO3 thin films were prepared using DC magnetron sputtering. It was
found that structures like hexagonal and triclinic phase with different properties can be produced
with sputtering technique. Thin film deposition has been performed using different process
parameters with emphasis on sputter pressure and films that mainly consist of monoclinic γ-
phase, with small contributions of ε-phase. Changes in the pressure are shown to affect the
number of oxygen vacancies in the WO3 thin film, with close to stoichiometric WO3 formed at
high pressures (30 mTorr), and slightly sub-stochiometric WO3-x, x = 0.005 at lower pressures
(10 mTorr). Both stoichiometric and sub-stoichiometric thin films have been characterized by
several structural, optical and electronic techniques.

   The electronic structure and especially band gap states have been explored and optical
properties of WO3 and WO3-x have been studied in detail. The band gap has been determined to
be in the range 2.7-2.9 eV. Absorption due to polaron absorption (W5+  -W6+), oxygen vacancy
sites (Vo -W6+), and due to differently charged oxygen vacancy states in the band gap have been
determined by spectrophotometry and photoluminescence spectroscopy, in good agreement with
resonant inelastic x-ray spectroscopy and theoretical calculations. The density of electronic
states in the band gap was determined from cyclic voltammetry measurements, which correlate
with O vacancy concentration as compared with near infrared absorption. 

   By combining different experimental methods a thorough characterization of the band gap
states have been possible and this opens up the opportunity to tailor the WO3 functionalities.
WO3 has been shown to be visible active photocatalyst, and a promising electrode material as
inferred from photo-oxidation and water splitting measurements, respectively. Links between
device performance in photoelectrochemical experiments, charge transport and the electronic
structure have been elucidated.
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Part I

L O O K I N G U P O N T H E S H O U L D E R S O F G I A N T S





1
I N T R O D U C T I O N

1.1 a personal reflection

An interest in natural science can be sitting under a tree, watching the
wind blow in the branches, trying to understand how it is built up
from the roots to the leaves. At a micro-scale level we can see the cells
with the chlorophyll and understand how they interact with water and
light. Through this knowledge, watching everything growing on our
planet, we realize the importance of the sun and its enormous power
in matter and energy transformation.

This is a thesis about a small thing in a big world. It concerns the
material tungsten trioxide and its structural, optical and electronic
properties, which have been evaluated in different experiments. Two
of these experiments were photocatalytic and photoelectrochemical ex-
amination. The goal was to use solar light for degradation of pollutants
and for hydrogen production. The films were produced with DC mag-
netron sputtering, where a few parameters were varied and the series
of these investigated.

Nowadays, several techniques are used to produce interesting nano-
porous materials for the best purposes. There are many reports on
interesting material combinations where structure and shape can be
modified to almost anything.

WO3 is a well-known material, especially in this group Solid State
Physics at Uppsala University where Claes-Göran Granqvist and co-
workers have used the material for decades. There are books about it
and thousands of articles. You may wonder why so much time has
been spent on things that have already been investigated. Honestly, I
wonder that myself sometimes but there is always more to say, so let’s
jump and see where the research project will end up.

3



4 introduction

1.2 purposes and aims

The aim was to produce porous nanocrystalline WO3 thin films, and to
characterize their structural, optical and electronic properties as well
as to explore the photocatalytic and electrochemical potential of the
thin films.

1.2.1 Nanomaterials

"Nanoporous materials" is not just a buzz word used in applications
for grants. The reasons for aiming to produce nano-sized particles can
have great diversity, for instance; i) to be able to synthesize materi-
als with new properties not found in bulk or micro sized particles; ii)
to increase surface area; iii) to allow solutions and light to penetrate
through the nanoporous material iv) to allow the nano-material itself
to penetrate through other surface boundaries.

Systems of nano-particles have proved to be useful in the conversion
of light into electrical power [57, 60]. They can work as photocatalysts
in the degradation and mineralization of chemical pollutants [71, 31,
73] and for water cleavage [96, 56].

Preparation of a nanocrystalline film can be more or less controlled.
The particles can be manufactured by manipulation for instance in
atomic layer deposition (ALD) [49] or they can self assemble by spon-
taneous processes, as, for instance, in physical vapor deposition (PVD)
techniques [118]. The choice of manufacturing technique depends on
structural, economic and efficiency demands in the production.

A manufactured nano-sized thin film has properties where gravita-
tional forces becomes negligible and electromagnetic forces begin to
dominate. Quantum mechanics is used to describe the motion and en-
ergy of the particle instead of classical mechanics [5]. The different scal-
ing is important when viewing properties of the nano-particles from
the macro world.

The large fraction of surface atoms changes the properties of a ma-
terial. Important attributes are porosity, the distribution of pores, the
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grain size and the shape of the grains. The interfaces and optical re-
sponse due to grain size and boundaries are of crucial importance for
different quantum effects. For instance, band gap shifts and optical
effects, which can result in a change of the color of the material.

1.2.2 Water splitting

If the world is ready for a new form of energy storing material that
is clean, renewable and safe, water splitting to produce H2 and O2 is
one possible technique [1]. Hopefully we are getting used to the idea
of splitting water, since it was more than 40 year ago that Fujishima
and Honda created their first photoanode with TiO2 for water split-
ting [44]. A semiconductor can act as a catalyst, using solar light to
split water for large-scale production of clean recyclable H2 [96]. In
many systems used for water splitting, the process has similarities to
a photosynthetic reaction in green plants. In chlorophyll, one part oxi-
dizes water to oxygen and another generates the compound NADPH
used for the fixation of carbon dioxide [56]. Figure 1 shows an example
of photoelectrochemical production of H2 and O2. The semiconductor
is excited by photons with higher energy (hν) than the band gap Eg.
The electrons are promoted from the valence band (VB) to the conduc-
tion band (CB) and the charges are separated by the bias voltage. The
holes (h+) created in the valence band (VB) migrate to the surface of
the nanoparticles and oxidize water to oxygen

4h+ + H2O ⇒ O2 + 4H+ (1)

and the conduction band (CB) electrons (e−) are transported to a counter
electrode to enable hydrogen to be generated

4H+ + 4e− ⇒ 2H2 (2)

The electrons and holes may also recombine with each other without
participating in any chemical reaction. However, the overall reaction
corresponds to the splitting of water by light.
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Figure 1: Photoelectrochemical water splitting using a semiconductor as pho-
toanode and a counter electrode consisting of a material with a low
lying Fermi level, such as Pt, both inserted in an electrolyte solution

The trick is to find a catalyst that can absorb a large part of the solar
light and efficiently convert water to both H2 and O2. When a hetero-
geneous semiconductor photocatalyst is used for water splitting, the
bottom of the CB must be more negative than the reduction potential
of water to produce H2, and the top of the VB band must be more
positive than the oxidation potential of water to produce O2 [1]. Fur-
thermore, the photocatalyst must be stable in aqueous solutions under
photo-irradiation. Some visible light absorbing oxides (such as WO3)
have the conduction band below the potential to produce H2 efficiently.
Figure 2 shows the CB and VB position of different kinds of semicon-
ductors. Semiconducting TiO2 can produce both H2 and O2. The draw-
back is that the band gap is approximately 3.2 eV and no visible light
can be absorbed. A semiconducting material as cadmium sulfide (CdS)
has an almost perfect band gap of 2.4 eV and can absorbe light in the
visible range. However, CdS becomes deactivated through photocorro-
sion rather than evolving O2. An example of non producing O2 is the
semiconducting Gallium Arsenide (GaAs) with a small band gap of
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1.4 eV. Since more than half of the solar energy incident on the Earth’s

E (eV) 
Uo

 (H2/H+) 

U (V vs SHE)

0 

+1.23 

Uo
 (H2O/O2) 

-4.5 

-5.73 

GaAs CdS WO3 TiO2 

2.8 3.2 2.4 1.4 

Figure 2: Schematic representation of different kinds of semiconductors; Ox-
ides with Eg > 3.0 eV, oxides with Eg < 3.0 incapable of H2 pro-
duction and non-oxides with Eg < 3.0 low O2 production usually
unstable

surface lies in the visible region (400 nm < λ < 800 nm) it is essential
to use visible light efficiently.

There have been different strategies to solve the problem of Eg and
potential levels. There are examples of mixtures of different materials,
for instance an oxide like TiO2 doped with non-oxides like sulfur (S),
nitrogen (N), carbon (C) or hetero-oxide structures. These doped semi-
conductors can possess appropriate band levels, but the drawback can
be an increase of instability [25, 85]. A suitable dopant may shift the
potential level of the band edges Eg and decrease the gap [2, 129]. To
increase the energy range a dye can be used to absorb the visible light
and then become charge-separated by an oxide, such as TiO2 [108, 85].
A similar idea is to use a tandem cell with two semiconductor oxides,
for instance WO3 and TiO2, sensitized with a dye [56]. A tandem cell
will increase the range of light absorption and facilitate charge separa-
tion and transport.
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1.2.3 Degradation of pollutants

Photocatalytic degradation of pollutants is initiated by the same re-
action process as the water splitting reaction, i.e. interband transi-
tions to create electron-hole pairs. Here, however, electrons are not
extracted in an external circuit, but instead electrons are transferred
to/from molecules adsorbed on the photocatalyst. [45, 100, 137]. Elec-
trons which diffuse to the surface of the photocatalyst may interact
with electron acceptors, for instance O2, and a reduction may occur,
see figure 3. The hole reacts with electron donors adsorbed on the
surface, typically OH−, organic pollutants or other readily oxidized
surface species. Thus the photocatalytic process can be viewed as a
short-circuited photoelectrochemical cell where the red-ox reaction oc-
curs locally on the photocatalyst for instance a semiconducting nano-
particle. The final products CO2 and H2O originate from subsequent

Figure 3: Diagram of a photocatalytic process at the surface of a semiconduct-
ing nano-particle

secondary surface reactions.
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Interest in these surface-mediated processes stems from their appli-
cations in photocatalysis for air and water purification, self-cleaning
and self-sterilizing surfaces, synthetic fuel production and CO2 reduc-
tion, just to mention a few possibilities [46].

Historically, research on photocatalytic materials has mostly consid-
ered titanium dioxide, TiO2 [103, 45, 46].

Today the use of self-cleaning TiO2 surfaces is quite common in
Japan, but a breakthrough for large-scale implementation in commer-
cial products in the rest of the world has still not occurred. [46]. There
are several applications using building material for environmental air-
cleaning. TiO2 can be included in concrete and white paint to reduce
pollutants of NOx gas and VOC (volatile organic compounds). A lim-
itation of using TiO2 is that only the UV part of the solar spectrum is
absorbed due to the large band gap. Several ideas have been proposed
to extend the spectral response into the visible region and enhance the
photocatalytic activity.

Ideally, a semiconductor photocatalyst for large-scale deployment
should be inert, safe and easy to produce and use, be able to be ac-
tivated by sunlight, and finally be cheap. The second-generation of
photocatalysis uses doped TiO2 with carbon, nitrogen, chromium, sul-
fur or tungsten [91, 7, 110]. Several studies of the electronic structure
as well as the photocatalytic activity of these new materials have been
performed.

The reason for choosing the semiconductor WO3 as an alternative
catalyst is partly due to its capability of absorbing light in the blue part
of the visible region and partly due to the recent progress in research
on the photocatalytic activity of WO3 [145, 117, 32].

Tungsten trioxide can possess several crystalline structures, each
with unique characteristics, band structure and optical qualities. Tung-
sten oxide has excellent corrosion resistance and great tensile strength
[152].

On top of this there is also a question of how effective WO3 is as
a photocatalyst from a fundamental perspective. We do not know ex-
actly what material properties ultimately govern the resulting photo-
catalytic activity. Further, there might be a need to tailor the photocat-
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alyst for a specific function. For instance, which energy range of the
light should be exploited? Is it an indoor or outdoor environment and
which molecules are participating in the process of degradation?

A semiconductor which is able to utilize visible as well as UV light
with similar efficiency will lead to a substantial leap in commercial
activity. In this thesis a few types of WO3 films were studied with
different probe molecules in the liquid and gas phase.



2
B A S I C S I N M AT E R I A L O P T I C S

This is intended as a short introduction to the concepts which have a
clear connection to the PhD thesis and contain the foundations of the
research.

2.1 building blocks of solid state physics

A typical interatomic distance in a solid is of the order of a few Ång-
ström [80]. When a group of atoms is formed into a solid with at-
tracting and repelling forces, they are not perfectly immobile, instead
they vibrate with a certain frequency. When the lattice oscillates it is
described as an elementary quantum mechanical phonon. The word
lattice means a regular arrangement of points. We associate one atom
or a group of atoms, called the basis to each point. The crystal structure
is the lattice plus the basis. If the atoms are disordered with random
distances the solid has an amorphous structure.

The position r of an atom relative to the lattice points is

r = xa1 + ya2 + za3 (3)

where a1, a2 and a3 are the primitive vectors. The periodic repetition of
the basis is suitable for Fourier analysis. Using Fourier transforms the
lattice can be converted into the reciprocal lattice. To transform usually
means to simplify, in this case there is a relation between the vector G
(with a length and a direction) in the reciprocal lattice and planes in
the direct lattice [80] expressed as

G = hb1 + kb2 + lb3 (4)

where b1, b2 and b3 are the primitive vectors of the reciprocal lattice
and h, k and l are integers. Any lattice with its electron number density

11
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(a) (b)

Figure 4: A lattice with (a) the primitive vectors for the smallest unit cell (b)
the principles of x-ray diffraction from atomic planes with distance
dhkl

n(r) is a periodic function of r and may be transformed by expanding
a Fourier series of the form

n (r) = ∑
G

nGexp (iG · r) (5)

A set of lattice planes is uniquely denoted by integers called Miller
indexes (hkl). The reciprocal lattice plays a fundamental role in the the-
ory of crystal diffraction. Photons with high energy and x-ray light
with a wavelength at typically 1.54 Åare used for elastic scattering
against electrons in the material. With this short wavelength the inter-
atomic distances in the crystal lattice can be probed. The distance dhkl
between the planes in the lattice can be calculated from Bragg’s law.

dhkl =
noλ

2sinθ
(6)

where no is the diffraction order,λ the wavelength of the x-rays and θ

the incident angle.
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The smallest volume in reciprocal space enclosed by±π/a, the set of
points in k-space that can be reached from the origin without crossing
any Bragg plane, is called the first Brillouin zone. These zones are
useful when analyzing the electronic energy-band structure of crystals,
for instance to find information on possible electronic transitions.

In the vocabulary of solid state physics, the atoms are separated
into phonon and electron interactions (instead of ions and electrons).
The phonon is referred to as a quasiparticle and it represents an ex-
cited state in the quantization of the modes of vibration and electronic
excitation. The modes of vibration can disperse into several branches
depending on the frequency and number of atoms in the unit cell. The
modes have acoustic and optical branches which are longitudinal or
transverse. The degree of freedom of a lattice with p atoms and N
primitive cells is 3pN, where acoustic branches have 3N and optical
branches have (3p− 3)N. The optical phonons are excited by radiation
in the infrared wavelength range and they can also interact indirectly
with light through Raman scattering. When measuring optical phonon
energies, the same unit as the wave vector k is used (cm−1) and the
difference of the factor 2π.

A single electron can be described by the two possible orientations,
up or down, from its spin possesses. Each spin state has its own wave
function. The wave function of the electron is associated with a level
of energy. Electrons in a single atom have discrete levels of energy.
If many atoms are brought together, the energy levels are so close
together that they can be considered continuous bands.

Several models can be used to simplify the understanding of physics
in solids with the electrons and where interactions can be left out or
are approximated, for example the free electron model, the nearly free
electron model and the tight-binding model, which can be read about
in, for instance, Kittel [80] or Ashcroft/Mermin [8]

A wellknown quantity, the Fermi energy EF, can be approached from
different fields. It can be described as a thermodynamic concept re-
lated to the chemical potential of the system. In semiconductors the
Fermi energy can be determined through these concepts included in
the Fermi-Dirac distribution. The effect of temperature T on the states
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is connected to the Fermi-Dirac distribution fF (E), seen in figure 5 (a),
which gives the probability that a state at energy ε will be occupied

fF (E) =
1

1 + exp
(

E−EF
kBT

) (7)

where kB is the Boltzmann’s constant and EF is the Fermi energy level.
From this expression we can see that the probability of a level being
occupied by an electron in thermodynamic equilibrium at the Fermi
energy is 1/2. In a metal the Fermi energy can be determined from

Figure 5: Fermi energy views (a) Fermi-Dirac distribution f (EF) = 0.5 (e.g.
semiconductors) (b) Fermi surface, free electron model (e.g. metals)

the free electronic model. In the ground state of a system of N free
electrons, the occupied orbitals may be represented as points inside a
sphere in k space. The energy at the surface of the sphere is the Fermi
energy EF. It is expressed as the energy of the topmost filled level of
electrons in the ground state of the N electron system. In figure 5 (b)
the occupied orbitals of a system fill a sphere with radius kF;

kF =

(
3π2N

V

)(1/3

(8)
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and a Fermi surface of

EF =
h̄2

2m
k2

F (9)

The number of states that can be occupied by electrons in an energy
interval of a system is described by the density of states (DOS).

From this small and condensed introduction it is shown that several
experimental (XRD, FTIR, Raman) techniques, which will be described
in chapter 4, originate from the basics of solid state physics.

2.1.1 Semiconductors

This section considers mainly crystalline semiconductors, even if many
concepts also work for amorphous structures. If there is a band gap
between the highest filled band and the lowest empty band that is
larger than kBT, the solid is known as an intrinsic semiconductor. The
filled bands are called the valence bands (VB) and the empty bands
are called the conduction bands (CB) [80]. Depending on the size of
the band gap different amounts of energy are needed to excite elec-
trons to CB in the semiconductor. The excitation creates electron-hole
couples which will change the semiconductor from being an insulator
to a conductor. The distribution of electrons in the CB is given by the
allowed quantum states and the probability that a state will be occu-
pied by an electron at a certain energy E

n (E) = gc (E) fF (E) (10)

where gc(E) is the density of quantum states in the conduction band
and fF(E) is the Fermi-Dirac probability function described above in
section 2.1. Equivalent with the electrons the distribution of holes in
the VB will be expressed as

p (E) = gv (E) [1− fF (E)] (11)

The total concentration of electrons and holes per unit volume is then
found by integrating over CB and VB energy respectively [107]. In con-
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(a) (b)

Figure 6: (a)A simplified view of filled (dark) and empty (light) states in the
energy bands (b) Extended states and localized states in a semicon-
ductor

trast to metals, the conductivity increases with temperature. Metals are
affected by the electron-phonon scattering which decreases the relax-
ation time τ with temperature and accordingly the conductivity. Relax-
ation time also decreases in semiconductors. However, the density of
carriers increases rapidly with temperature, which is a larger contribu-
tion. The carriers in crystalline semiconductors move relatively freely
in the VB and CB. They can be seen as extended states which have a
mean free path l longer than the lattice constant. The wave function
Ψk (r) for the electron at position r in the periodic potential of the
crystal lattice can be described with the Bloch function

Ψk (r) = uk (r) exp (ik · r) (12)

where exp (ik · r) is the plane wave and uk (r) is a function which has
the same periodicity as the crystal lattice.

Impurities that contribute to the carrier density of a semiconductor
are called acceptors or donors, depending on whether they have fewer
of more valance electrons, respectively, than the atom in the semicon-
ductor. A p-type semiconductor is doped with atoms that have fewer
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electrons than the atoms in the semiconductor. Analogous a n-type is
doped with atoms that have more electrons that the rest of the mate-
rial, see figure 6 for the shift in Fermi level and conductivity. This will
introduce additional electronic levels in the band gap. Impurity lev-
els are mostly situated close to the conduction band or valence band;
however, mid-gap states do occur as well. The binding energy of e.g.
an electron to a donor impurity is small compared with the energy gap
of the semiconductor.

The impurities as well as vacancies occur as small stoichiometric
differences in the material. Vacancies in the lattice can form localized
states in the band gap similar to impurities. Weakly disordered struc-
tures, as for a low vacancy/doping ratio and strained structures, gen-
erate band tails into the energy gap. There is a critical point when an
extended state turns into a localized state. The mobility in an extended
state transforming into a not so mobile state over several atoms and
then to be localized an one atom is almost analogous to phase tran-
sitions [6]. The localized state can be on a certain site or in a certain
region. The wave function for a localized state becomes

Ψk (r) = exp (−αr) (13)

where α is the inverse localization length. The mean free path in a
localized state is in the order of one or a few lattice constants.

A helpful phenomena in semiconductors is photoconductivity where
light with energy larger than the band gap can excite electrons to the
CB. A common way to measure the band gap is to radiate light in a
proper wavelength range to understand at which energy the absorp-
tion starts. The transition of the electron from VB to CB can be a direct
(only an electron) or an indirect transition (also involving phonon inter-
actions). The transition explains how easily the electron can recombine
to the VB level, where indirect transitions have a lower probability for
recombination. To analyze the semiconductor with its band gap and
perhaps impurities, different experimental techniques can be used; for
instance, Spectrophotometry, Photoluminescence and Resonant inelas-
tic x-ray scattering (RIXS), see section 4.3.1, 4.3.5 and 4.2.6. Impurities
can be dipole allowed or forbidden, which means that they can be seen
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optically or not. If the transitions are allowed or forbidden depends on
the symmetries of the initial and final states involved in the excitation.

2.2 thin film optics

When light falls on to a medium of different optical properties, it is
split into two waves, one proceeding into the medium and one prop-
agating back into the ambient. The medium can interact with light in
three different ways. It can transmit, reflect and absorb the light [17].
To keep the law of energy conservation the processes must obey the
rule

T (λ) + R (λ) + A (λ) = 1 (14)

where T (λ) is the transmittance, R (λ) is the reflectance and A (λ) is
the absorptance. Reflectance and transmittance can be measured di-
rectly while absorptance can be calculated from this law. All the pro-
cesses are macroscopic manifestations of scattering on an submicro-
scopic level. The absorption of the light in a material can be expressed
by the absorption coefficient α, which describes the reduction of the in-
tensity I0 as a function of distance x through the sample, Beer-Lambert
law [62]

I = I0e−αx (15)

The absorption coefficient α can also be calculated from T(λ) and R(λ)
using the special absorption [67],

α =
1
d

ln
(

1− R(λ)
T(λ)

)
(16)

where d is the thickness of the sample.
When working with thin films it is impossible to avoid the two com-

plex optical constants [17]. In fact they are quite useful, both are re-
lated, and they describe refraction and extinction properties. The first
one, the complex refractive index N, consists of a real part n (the re-
fraction) and an imaginary part k (the extinction).

N = n + ik (17)
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The incoming light deflects with different refractive angles for different
wavelengths according to Snell’s law [63].

N1sinθi = N2sinθt (18)

where N1,2 are the complex refractive index for the refractive indices
of medium 1 and 2, sinθ is the angle of the light with respect to the
normal of the surface of the incident i and transmitted t light, respec-
tively.

The refraction process, based on n = c/v, involves a change of speed
and direction of the light when it passes through an interface, while
preserving the energy of the incident light. The extinction process con-
sisting of scattering and absorption causes attenuation of the incident
light amplitude along the path. This means that some part of the en-
ergy from the incident light is scattered in various directions (diffuse
light) and part is absorbed into the material. Scattering is usually not
important in thin films and cannot be fully described by optical con-
stants. The equation below shows the relation between the absorption
coefficient α and the extinction coefficient k, as well as the imaginary
dielectric constant ε2

α =
4πk
λ0

=
2ωk

c
=

ωε2

nc
(19)

where λ0 is the wavelength of the light before hitting the interface, n
is the refractice index, ω is the angular frequency and c the speed of
light. The second optical constant to retain Maxwell’s formula is the
dielectric constant ε, which is a function of the frequency of the field
[149]. It also has a real part ε1 and an imaginary part ε2. The refractive
index is equal to the square root of the dielectric constant

N =
√

ε (20)

where

ε = ε1 + iε2 (21)

The refractive index is used for optics in Fresnel equations and Snell’s
law; while the dielectric constant is used in Maxwell’s equations and
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electronics. The dielectric constant is a quantity which can be derived
from the atomistic models, which n and k cannot. The dielectric con-
stant is additive and the macro functions can be deduced simply by
multiplying by unit density.

2.2.1 Optical models

The optical properties of ionic crystals and inter-band transitions of
valence electrons can be described very well with the Lorentz model
of dielectric constants [121]. The real and imaginary parts of ε(ω) are
written

ε1 (ω) = 1 +
ω2

p
(
ω2

0 −ω2)(
ω2

0 −ω2
)2

+ ω2Γ2
(22)

ε2 (ω) =
ω2

pωΓ(
ω2

0 −ω2
)2

+ ω2Γ2
(23)

where ω0 is the frequency of the restoring force, Γ is the damping
coefficient and ωp is the plasma frequency defined as

ωp =

(
nee2

ε0me

)1/2

(24)

where ε0 is the permittivity in empty space, ne is the charge density,
me is the electron mass and e is the electron. Absorption in the visible
range at lower frequencies than inter-band transitions can be described
by an Urbach tail [138]. An Urbach form of the absorption coefficient
α(ω) in the range of frequencies where 0 < ω ≤ ωt. The ωt is the de-
marcation frequency between the Urbach tail transition and the band-
to-band transitions. The absorption can be described as

α (ω) = α0e(ω/ωu) (25)

where α0 is a constant and ωu is the Urbach frequency. The width
of the tail of localized states in the forbidden band-gap is associated
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with structural and thermal disorder in the material. It is related to
electron-phonon coupling. Urbach absorption occurs in the samples
used in this thesis.

At even lower frequencies absorption occurs which has been re-
ported to be associated with oxygen vacancies in the material [35, 87,
23]. The absorption peaks in the near infrared range can be modeled
by Gaussian functions

ε2 (ω) =
2

∑
i=1

ae
(

ωi−bi
2ci

)2

(26)

where a is the amplitude, b the position of the center of the peak and
c the width of the peak.

2.2.2 Band gap calculations

The band gap Eg and the character of the transition can be evaluated
from the absorption coefficient α(E). A common approximation has
been introduced by Pankove [114]

α (h̄ω) =
A

h̄ω

(
h̄ω− Eg

)η (27)

where A is a constant, h̄ω is the incident photon energy and the ex-
ponent η depends on the kind of optical transition. This expression is
based on a parabolic approximation of the energy bands in a narrow
energy interval around an electronic transition. For crystalline semi-
conductors, η can take the value 1/2, 3/2, 2 and 3 if the transitions are
direct allowed, direct forbidden, indirect allowed and indirect forbid-
den, respectively. There are uncertainties with this model, for instance
when it comes to the parabolic one dimensional expression. Additional
complications are contributions from higher than dipole order terms,
which can be strong, despite a small probability if DOS is high, for in-
stance in d-bands. It is also difficult to presume the kind of transition
and when a mixture of phases occur, as in nanocrystalline materials,
the direct and indirect transition can exist concurrently. To avoid pre-
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sumptions the value of η can be determined using the expressions
[113]

d (ln (αhν))

d (hν)
=

η

hν− Eg
(28)

The differential quotient will have a peak where the band gap Eg is
situated. Inserting the value of the band gap into the next equation
will determine η

ln (αhν) = ln (A) + ηln
(
hν− Eg

)
(29)

The inclination of the curve in the narrow range close to and above the
band gap will tell us if there is a mixture of optical transitions direct,
indirect, forbidden and allowed. The most common way of calculating
the band gap in this thesis is to use the expression of the Urbach tail,
seen in equation 25, and simply apply the natural logarithm on the
absorption coefficient ln(α). There will be a clear change below the
interband transitions, involving localized states in the solid.

2.2.3 Interfaces

Thin film optics describes the situation where a substrate with refrac-
tive index Ns and thickness ds is coated with one or several thin layers
with refractive indices Nn and thicknesses dn. When the light reaches
the surface, it propagates through the layer influenced by the Fresnel
reflection at surfaces and interfaces [115, 121].

2.2.3.1 One Interface

Figure 7 describes incident light on an interface between medium 1
and medium 2 corresponding to refractive indices N1 and N2. The
angles of incident, transmittance and reflectance are described by θi, θt

and θr respectively. Interactions at one interface can be described using
the Fresnel equations

rs =
N1cosθi − N2cosθt

N1cosθi + N2cosθt
, rp =

N2cosθi − N1cosθt

N1cosθt + N2cosθi
(30)
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Figure 7: The transmission T and reflection R of incident I light of a single
surface in the xy-plane

ts =
2N1cosθi

N1cosθi + N2cosθt
, tp =

2N1cosθi

N1cosθt + N2cosθi
(31)

where r and t denote reflectance and transmittance respectively. The
s and p stand for the E-field polarized perpendicular and parallel re-
spectively. Fresnel’s expressions are derived from Maxwell’s equations,
with the boundary conditions that the normal component of the B-field
and the tangential component of the E-field are continuous at the in-
terface. Fresnel coefficients are used both in ellipsometry and when
modeling interference fringes in photoluminescence data.

The reflected and transmitted light intensities are obtained by multi-
plying the amplitude values by their corresponding complex conjugate
for each polarization, according to

R = rr∗, T =
N2cosθt

N1cosθi
tt∗ (32)

The difference between the two polarization states reaches a maximum
where the p-polarized reflectance becomes zero and only s-polarized
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light is transmitted through the interface. This is called the Brewster
angle and is determined by

θB = arctan
(

N2

N1

)
(33)

which is derived by Snell’s law [63]

sin (θ1)

sin (θ2)
=

N2

N1
(34)

with the condition

θ1 + θ2 = 90o (35)

2.2.3.2 Multilayers

In multilayer thin films the interfaces are easiest calculated using ma-
trix multiplication [11]. Consider a structure that consists of a stack of
parallel layers. All media in the layers are homogenous and isotropic.
The total field inside a layer, which is excited by the incident plane
wave, consists of two plane waves, one forward traveling (T) and one
backward traveling (R). When the incident wave is linearly polarized
with its electric vector vibrating parallel (p), or perpendicular (s) to the
plane of incidence, all plane waves within the layers will be polarized
parallel or perpendicular. The total transmittance Toz and reflectance
Roz, assuming that all the waves are either p or s polarized, from the
outer half space z to inner half space o can be solved from the relation
[61] [

1

Roz

]
= Mo,1S1M1,2S2...Sq−1Mq−1,qSq Mq,z

[
Toz

0

]
(36)

The matrix consists of the interface matrix which is denoted M and
corresponds to the transmission across an interface with the boundary
conditions at the interface considered. The part of the matrix denoted
S is the layer matrix corresponding to the transmission through a layer.
The layer thickness as well as phase change and attenuation are con-
sidered.
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T U N G S T E N T R I O X I D E

3.1 transition metal oxides

There are three rows in the periodic table where d-shell electrons domi-
nate the properties, that is where the transition metals are situated [97].
The d-bands are narrower than typical free electron conduction bands,
with a maximum of ten electrons. Transition metal oxides are made up
of metallic cations and oxygen anions. They exist in many crystallo-
graphic forms. Oxides commonly studied as catalytic materials belong
to the structural classes of corundum, rocksalt, wurtzite, spinel, per-
ovskite, rutile and layer structures. Figure 8 shows the distribution of

Figure 8: The d-orbitals

the d- orbitals in space. They are concentrated much closer to the nu-
cleus than the s and p orbitals. In this sense, they are very much like

25
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core electrons, only their energies are more comparable to those of the
valence electrons [9].

The study of transition metal oxides can be challenging. They are
of a complex nature shown by the fact that the partially filled d-bands
can give rise to striking electronic and magnetic properties. Since the
d-orbitals are incompletely filled with electrons they can easily give
and take electrons. The ability to undergo oxidation and reduction
make the transition metal oxides a prime candidate for catalysis. One
example of these catalytic properties is the important effect on the
interaction of molecules with the oxide surface. In the future, transition
metal oxides will have an increasingly important position as catalysts
[1, 96].

Tungsten trioxide is a semiconductor and exhibits a perovskite struc-
ture which has an electronic response that is connected to the active
role of orbital degree of freedom in the lattice [101, 53]. The orbital
ordering generates anisotropy of the electron-transfer interaction and
causes complex spin-orbital coupled states. The importance of the or-
bital and lattice degrees of freedom has long been recognized theoreti-
cally [101, 23]. In the past few years the most used ab initio calculations
are based on density functional theory (DFT) [81], which is also ep-
plied in papers II and III in the present thesis.

The structure of a material can be divided into two main groups;
crystalline (ordered) and amorphous (disordered) structure. In this the-
sis only crystalline phases have been studied.

3.1.1 Crystalline bulk phases

The crystalline tungsten (VI) oxide is a stereoisomer with the atoms
bonded together in a sequence forming an octahedral [55], with a tung-
sten ion in the middle and an oxygen ion in each corner, seen as one
of the shaded parts in figure 9. The coordination geometry contains oc-
tahedral W6+ and trigonal planar O2−. The figure shows a unit cell of
the most common WO3 structure, the monoclinic γ phase at room tem-
perature. There is a very small disparity in lattice constant and angle
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between the phases, for instance the last angle β = 90.9o in the mono-
clinic γ seen in figure 9. These small disparities involve tilting of the
octahedral and displacement of the tungsten ion in the center of the oc-
tahedral. Table 1 shows the typical phase transitions with temperature

Figure 9: Unit cells with octahedral of tungsten and oxygen [147]: RT mono-
clinic γ phase, a = 7.301 Å, b = 7.539 Å, and c = 7.689 Å, α = γ = 90o

and β = 90.9o (fig: G. Baldissera)

for crystallized bulk and nano grain sized WO3. The nano-crystalline
phases are not clearly defined due to the influence of grain size.

Both the bulk and nano-crystalline sequence of structures are known
to be modified by the choice of substrate, the preparation route and the
deposition parameters. The near isoenergetic nature of these phases is
consistent with the observation of a broad metastability domain in this
material [23].

3.1.2 Nano-crystalline phases

A nanocrystalline thin film such as WO3 has smaller grains and hence
broader peaks in a XRD spectrum, which leads to difficulty in detect-
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Table 1: Classification of phase changes with temperature in crystallized
bulk [68, 151, 148, 92, 93] and analyzed nano-crystalline WO3 thin
films[132, 140, 86, 126].

Phases WO3 Temperature [K]

bulk nano grains

ε-monoclinic, Pc 0-230 <300

δ-triclinic, P1̄ 230-300 300-500

γ-monoclinic, P21/n 300-623 300-550

β-orthorhombic, Pnma 623-1020 -

α-tetragonal, P4/ncc, P4/nmm 1020-1746 550-1746

ing phase changes, especially since the peak shift and variation in lat-
tice constant and angle between some of the phases are diminutive.

The substrate and preparation route, the temperature, as well as
the pressure for growth of the thin film are of great importance. Ta-
ble 1 shows phase shift temperature and observed phases in nano-
crystalline samples compared to bulk structures.

SEM and XRD techniques usually need to be supported with other
analysis methods to specify phase structure and grains in nano-sized
materials like WO3. For example, Raman spectroscopy, TEM (transmis-
sion electron microscope) or synchrotron light with higher resolution
in diffraction analyzes can be useful. With Raman spectroscopy the
metastable hexagonal h-WO3 has been reported for nanocrystalline
samples at room temperature [126]. There seem to be other factors
that cause a hexagonal structure, for instance the choice of substrate
experienced in this project, or acidity in synthesis [126]. The hexago-
nal structure is not included in table 1 since the temperature interval
is uncertain. There are several reports on the co-existence of triclinic-
monoclinic phases at RT and higher temperatures [72, 42] observed
by Raman spectroscopy and XRD. One more co-existence is the low
temperature monoclinic ε-phase together with the RT monoclinic γ-
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phase [128, 88, 41]. The high diversity of crystalline phases makes the
research more complex and more interesting for the variation of phys-
ical properties.

3.2 electronic properties

A nanocrystalline material like WO3, with several crystalline phases,
has electron dynamics that vary depending on how the atoms are ori-
ented in the solid material. This will in turn influence the electronic
band structure. The electronic structure of a material plays a crucial
role in its chemical and photochemical properties. It has been verified
in early experiments on WO3 thin films that the band gap Eg depends
on the substrate temperature. It decreases at a higher substrate tem-
perature as a consequence of a higher ordering of the crystal phase
[34, 106]. In particular, in amorphous films which have been as- de-
posited at temperatures around 300oC, a large reduction of Eg has been
observed due to the transformation of WO3 from an amorphous to a
crystalline structure. This has been noted and given a possible expla-
nation by Granqvist et al [55], showing that the disorder in a WO3 thin
film due to preparation conditions of temperature and pressure is con-
nected to Eg. High pressure of the sputter gas together with high O2

admixture in reactive sputtering will decrease Eg [79].

3.2.1 Electron configuration

Figure 10 shows a general and simplified picture of the electron con-
figuration of WO3 and WO3−x. The states in the VB are filled and the
states in the CB empty. Optical excitations of electrons occur mainly
from the O2p band to the W5d band. An important difference of d-
electrons is the spatial electron distribution in space. A shift of the
d-band close to the Fermi level can control the reactivity fully. There
are a large number of possible electron states with d-symmetry in the
CB.



30 tungsten trioxide

Figure 10: A schematic sketch of the electronic states in WO3 and WO3−x on
y- axis to the left energy in (eV) and to the right potential according
to the standard hydrogen potential (SHE) in vacuum

The position of the oxygen p- and metal d- bands as well as crys-
tal field effects were investigated in the 1970s [101]. The crystal field
around an atom will affect the valence-electron orbital distribution of
the central atom.

The octahedral crystal field of the six oxygen neighbors of the W
splits the W 5d bands into degenerate bands; the stronger the crystal
field, the stronger the splitting of the orbitals of the central atom and
the larger the band width.

In figure 10 a small band of filled states is suggested below the CB
in the WO3−x film [53]. If the WO3 thin film contains oxygen vacancies,
which is also common in an almost stoichiometric film, W will form
new oxidation states from 5+ to 4+. The position of the energy levels
depends on where the vacancy is created in the direction of the -W-O-
W- chain [144].
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3.2.2 Band theory and density of states

The first specific electronic structure calculation of WO3, together with
NaWO3, was performed by Kopp et al in 1977, using the cubic struc-
ture [83]. Calculations on more complex structures such as monoclinic
WO3, started in the beginning of the 80s and showed an increase of Eg

compared with the cubic structure [20]. It was confirmed that the shift
of the tungsten atom in the center of the octahedra, as well as the tilt-
ing, affects Eg. First-principles pseudopotential methods showed that
the electronic structure strongly correlates with the distortion of the
octahedra [33]. Figure 11 shows the band structure of RT monoclinc

Figure 11: Band structure of monoclinic γ-phase WO3, from paper II.

γ-phase of WO3 calculated using two methods. The solid lines are cal-
culations using the local density approximation (LDA) method and
the circles are the Greens function, with a screened potential W (GW)
method. The LDA bands were shifted to agree in terms of band gap
with the more accurate GW calculations, see article II. This implies that
there are possible transitions over the band gap due to the flat bands
and degeneracy, especially at the VB maximum. Chatten et al. 2005 re-
ported a study of electronic structures of several phases of pristine and



32 tungsten trioxide

defected WO3 including oxygen vacancies [23]. They showed from cal-
culations that the electronic band structure of the monoclinic phases
at room temperature have a tendency to flatten out from the more nor-
mal parabolic shape. The lowest unoccupied band at Γ showed a 3-fold
degeneracy.

The history of direct and indirect Eg transitions in a WO3 crystal,
described in section 2.1.1, is long and winding. From the first calcula-
tions on cubic structure it was inferred that the band gap of WO3 is
indirect [65]. Furthermore, the indirect model was used when the band
gap was calculated from experimental optical measurements on WO3

[54, 55]. When the theoretical calculations became more advanced,
see for instance de Wijs et al who tried several calculation methods,
LSW (Lifshitz-Slyozov-Wagner), GGA (generalized gradient approxi-
mation), LDA and pseudopotential calculations, the new report was a
direct band gap with transitions at the Γ point [33]. The calculations
underestimated the band gap, however. It was also found that the bot-
tom of the conduction band as well as the top of the valence band
had a rather flat nature of the bands. Later on, most of the optical ex-
periments were fitted to direct model expressions in monoclinic WO3

structures. For example, in photoacoustic measurements together with
theoretical calculations it was shown that Eg transitions are direct and
the energy dispersion is very flat. The band gap was found to be in the
range 2.75± 0.06 eV [52].

To sum this up, one can say that estimations based on optical data
of the band gap are in the range 2.6 to 3.25 eV, depending on if the
transitions are direct or indirect [34, 139, 99]. Theoretical calculations
on the band structure have a bit broader range of band gap values.
However, with the calculations more information can be revealed of
the degeneracy and shape of the bands [23, 144, 143].

Apart from the distinction of direct or indirect electron transitions,
the transitions can be allowed or forbidden based on symmetry rules.
A forbidden transition is a transition where the dipole matrix element
is zero. In a crystal with inversion symmetry, all wavefunctions have a
certain parity, they are odd or even. Transitions between states with the
same parity are forbidden, whereas states with odd parity are allowed.
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For instance, in WO3 crystals most of the transitions occur from the
O 2p band to the W 5d band, which are odd transitions and allowed.
A crystal symmetry can beyond its translation symmetry be character-
ized through the operations, rotation and inversion, which leaves the
crystal invariant [109]. Reduction of symmetry is observed as a split in
degenerate states.

Figure 12 shows the total density of states (DOStot) and partial con-
tributions from specific states (pDOS) in a stoichiometric monoclinic
γ-WO3 phase. From the figure it is seen that the bands are hybridized.

Figure 12: Total DOS and pDOS where a large contribution comes from W5d
and O2p states, based on calculations from paper II

However, the VB consists predominantly of O2p states, whereas the
CB consists mostly of W5d band with a contribution from O2p.

3.3 optical properties

Optical properties can be characterized by starting with an inspection
with our eyes. Tungsten trioxide can have many different colors due to
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oxygen vacancies, doping with atoms and intercalation with ions [55].
A perfect stoichiometric crystalline WO3 thin film is slightly yellowish.
In a sub-stoichiometric WO3−x film with oxygen vacancies the color
can shift to red, purple and then blue with increasing x. The color of
the thin film can also vary with grain size and growth direction of the
particles when light interacts and reflects on the surface.

A helpful tool used to investigate optical properties from thin films
is a spectrophotometer, which among other things measures transmit-
tance and reflectance. In any application with semiconducting WO3

it is important to know in what energy/wavelength range the sam-
ples transmit, reflect and absorb. The results are seen in figure 3.3 (a)
where transmittance and reflectance measurements from two samples
sputtered at 10 and 30 mTorr are shown. Depending on preparation
conditions oxygen vacancy concentration can be changed, which is
explored in detail in all the papers included in this thesis. The trans-
mittance decreases in the near infrared by just shifting the working
pressure from 30 to 10 mTorr. The reflectance is not so different, the
small shift of position and amplitude of the interference fringes reveal
a slight variation in thickness and refractive index between the two
samples.

The next step in describing the optical properties of WO3 is to use
the refractive index, explained in section 2.2. An average number of
the refractive index n in crystalline WO3 thin films is 2.5 [127]. The
two samples seen in figure have n = 2.01 for the 30 mTorr sample and
n = 2.14 for the 10 mTorr sample. This can vary slightly with the wave-
length of the light. One of the most used and discussed coefficients
describing optical properties is the absorption coefficient α(λ), see fig-
ure 3.3 (b), described in section 2.2. The absorption coefficient α can
portray several optical behaviors of the sample. The increase of α at ap-
proximately 400 nm reveals where the band gap Eg is situated. In the
near infrared range 800− 2200 nm, high absorption is observed for the
Ptot = 10 mTorr film. The high absorption is due to oxygen vacancies.
In the Ptot = 30 mTorr film, the small absorption at 1700 nm indicated
that the oxygen vacancy concentration is much smaller in films pre-
pared at high Ptot. Oxygen vacancies can act as traps for the electrons



3.3 optical properties 35

(a) (b)

Figure 13: Optical properties of WO3 thin films sputtered at pressures Ptot 10
and 30 mTorr: (a) Transmittance T(λ) and reflectance R(λ) (b) The
absorption coefficient α(λ) in the range 350− 2200 nm

and decrease the charge transport, or act as positive doping of the sam-
ples, increasing the conductivity at lower energy. Similar features also
exist in for example Li+ intercalated WO3 thin films [87].

3.3.1 Band edge properties

There is a fine borderline between optical and electronic properties,
however. Oxygen vacancies occur as localized states near the CB or VB
edges. Many models try to explain these vacancy states (Vo) and where
they are situated in the band gap. In a model proposed by Deb, elec-
trons are trapped by oxygen vacancies [35]. According to this model,
when a V0

o defect state is created and an oxygen ion is removed and
two electrons are left at the site, the defect levels are expected to be
inside or near the valence band. If the electrons are removed one by
one, the states will occur at higher energy in the band gap (V1+

o ) or
in the conduction band (V2+

o ) respectively. When the tungsten oxide
contains oxygen vacancies, there is a structural relaxation resulting in
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an increase of W-W distance due to Coulombic repulsion and changes
in W-O splitting.

In a later model using hybrid functional density functional theory
calculations, the vacancy states are placed at different energy levels
(0.7− 1.0 eV) below the CB minimum [144]. For low defect concentra-
tions (x = 0.06), the electronic states associated with Vo are localized
in the band gap. For larger Vo concentrations, the electronic structure
showed large anisotropy in the x,y and z-direction, which makes a sim-
ple explanation as to where the oxygen vacancy is situated in the band
gap impossible.
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Figure 14: Energy level of oxygen vacancies; To the left the description of the
Deb model [35] and to the right the optical transitions according
to hybrid functional DFT calculated by Wang et al [144]

The optical transition levels which can be seen in, for instance, photo-
luminescence can be directly compared with the position of the defect
levels. In the Wangs et al[144] article it is the optical transitions for the
oxygen vacancies which are actually calculated, and thus indirectly the
placement of the vacancy level in the band gap, compared with Deb
[35, 77] which calculates the charged vacancies. The vacancy configu-
ration needs to involve atoms in the next shell of the same type atoms
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as the missing anion. This can give rise to a doublet "donor" state near
the band gap, a singlet defect state associated with the s-bonding deep
in the VB and one s-antibonding in the CB.

When Wang et al use the hybrid functional DFT Becke-3-Lee-Yang-
Parr (B3LYP) [14], the band gap was calculated to be 3.1 eV. The op-
tical levels for the transitions were found at (V0

o → V1+
o ) 2.37 eV,

(V1+
o → V2+

o ) 2.11 eV, and (V0
o → V2+

o ) 2.24 eV above the VB maxi-
mum. Figure 14 tries to illustrate these two models and the view of an
oxygen vacancy state.

Another possible explanation for absorption in the visible range is
the Urbach effect [138, 37], which describes the electronic transitions
from localized states in the VB tail to the CB or VB to localized states in
the CB tail. The states are associated with structural and thermal dis-
orders related to electron-phonon coupling [40]. They are an almost
universal property of disordered solids with a very simple mathemat-
ical background [74], see the description in section 2.2.1.

3.3.2 Near infrared region

There are a few theories considering the absorption in the NIR range;
one of the most common is the polaron theory, based on strong electron-
phonon coupling. The ion will move in response to changes of electron
density in its vicinity and this will create a well for the electrons. The
interaction between the electron and the ions (phonons) can modify
its physical properties and increase the electron mass when it has to
drag heavy positive ion cores along with it, this is illustrated in figure
15 (b). The combination of the electron and the strain field from the
phonons is known as a polaron [149, 80, 114]. It is a localized quasipar-
ticle which can absorb photons in the near infrared region, or if the
polaron binding energy is low, in the infrared region. The polaron can
make transitions to higher energy levels when it absorbs electromag-
netic waves in these ranges. Specifically, when a polaron absorbs light,
it can also make a vertical transition to the next potential well close by,
see figure 15 (a). The NIR absorption due to polarons was also seen in
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figure 3.3 (b); the peak position at 0.7− 0.8 eV is in agreement with the
large polaron theory explained below.

(a) (b)

Figure 15: Interactions of phonons and electrons (a) Light-induced electron
transition from a potential well to the next by a vertical transition
(b) Interaction between positive ions and an electron in an electron-
phonon coupling

There are several models which can be used calculate properties of
polarons and bipolarons. However, the calculations can be divided into
two main theories [75]. If holes and electrons are self trapped, inducing
an asymmetric local deformation larger than the lattice parameters, it
is called a large polaron (Fröhlich). If an electron is trapped on a single
ion, it is called a small polaron (Holstein). If the interaction between
two polarons is sufficiently large, then that attraction leads to a bound
bipolaron [4].

The tunneling between different lattice sites is important at low
temperatures but around RT, hopping over the barrier is the most
dominant. The polaron can travel around in its self-trapped state [18].
Bronold and Fehske 2002 found that in the case of extremely small ma-
terial imperfections, itinerant small polarons turn into localized states
[18]. In WO3 the small polaron absorption theories consider transi-
tions of localized electrons from one W5+ site to a neighboring W6+

site. This is connected to the oxygen vacancies or intercalated ions that
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both give rise to the coloration used in electrochromic mechanisms
[55, 54]. In both cases the lattice is distorted. If it is delocalized on a
few ions the large polaron theory is more applicable.

Last, but not least, comes the description of a bipolaron. Two po-
larons can lower their energy by sharing the same distortions. This
leads to an effective attraction between the polarons and a bipolaron
is created. Since bipolarons have integer spin (bosons) and if they are
many, without coming too close, they might be able to form a Bose-
Einstein condensate. This has led to a suggestion that bipolarons could
be a possible mechanism for high temperature superconductivity [38].
For example, they can lead to a very direct interpretation of the iso-
tope effect. A hopping system between polarons and bipolarons can
be the mechanism for the organic magnetoresistance effect [16]. It has
been shown that in low- temperature crystalline WO3−x, bipolarons oc-
cur due to joint lattice distortion[128]. The bipolarons have their broad
absorption peak at 1.1 eV (1309 nm).





Part II

T H E C L I M B I N G





4
E X P E R I M E N TA L A P P R O A C H

In this chapter preparation and experimental characterization methods
used in this thesis are reviewed. The WO3 thin films were character-
ized by using a wide range of techniques. For a more comprehensive
study textbooks and a compendium on the subject are recommended
[9, 130].

4.1 thin film preparation

One of the most common physical vapor deposition (PVD) techniques
for thin films is reactive DC magnetron sputtering. As the name "sput-
tering" indicates, it is a technique where atoms are removed from a
solid due to energetic bombardment of its surface layers by ions or
neutral particles [136]. To do this in a controlled manner a vacuum
is maintained, typically in the order of 10−5 Pa during sputtering. A
controlled flow of an inert gas, argon (Ar), is introduced into the vac-
uum chamber, see figure 16. This raises the pressure to the minimum
needed for the high voltage to ionize the Ar and operate the mag-
netrons with the flow of electrons. A magnetron utilizes strong electric
and magnetic fields to confine charged plasma particles close to the
surface of the sputter target. The Lorentz force, which is a combina-
tion of the electric and magnetic force, directed axially from the mov-
ing electron and static magnetic field act on the electrons that is leaving
the cathode, forcing them to bend in round shaped paths. The positive
Ar ions accelerate towards the target in the high voltage and knock out
atoms and secondary electrons, see figure 16. The secondary electrons
will be trapped in the magnetic field close to the target. They follow
helical paths around the magnetic field lines and undergo more ioniz-

43
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ing collisions with the neutral Ar atoms. This enhances the ionization
of the plasma near the target and increases the sputter rate.

DC magnetron sputtering is used for sputtering from conducting
targets, implying that a constant current is flowing through the target.
Oxide and nitride films are produced in this kind of set-up. The reac-
tive gases nitrogen N2 or oxygen O2 can be introduced into the vacuum
chamber to induce chemical reactions with the atoms ejected from the
target. The neutral atoms and molecules formed in the plasma, which
are not affected by the magnetic field, will be deposited onto the sub-
strate composing the thin film, see the diagram in figure 16.

There is an important adjustment between the pressure in the vac-
uum chamber, the gases inserted and the substrate temperature for
the thin film growth [111]. The growth rate affects both the chemical
composition and morphology of the deposited films. Generally, sput-
tering of a metal in Ar gas gives a high deposition rate, and reactive
sputtering of oxides with O2 leads to lower deposition rates. In this
thesis reactive DC magnetron sputtering was used to produce the tran-
sition metal oxide WO3. At low working pressure the particles have
high kinetic energy with a long mean free path and there is less prob-
ability of a reaction between the target atoms and the gas. This leads
to a high deposition rate which can result in sub-stoichiometric films
with strained structures [136]. With an increase in the working pres-
sure, the collisions in the chamber increase and the deposition rate
decreases, developing a more relaxed stoichiometric film. By adjusting
sputtering parameters, either compact or nanoporous films can be ob-
tained. Experimental trials eventually lead to appropriate sputtering
conditions that yield the desired film properties.

4.1.1 Deposition of tungsten trioxide

The WO3 thin films studied in this thesis were prepared by reactive
DC magnetron sputtering using a versatile deposition system based
on a Balzers UTT 400 unit. The sputter target was a 5 cm diameter
plate of W with 99.95% purity. Sputtering was conducted in a plasma
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Figure 16: Simplified image of the sputter setup with inlets of Ar and O2
and outlet at the vacuum pump. High voltage is applied to the
magnetron, creating a plasma of free electrons. Ions of argon are
accelerated towards the target, bombarding the surface. The neu-
tral atoms will be deposited onto the surface of the substrate.

of Ar and O2. The purity of the gases was 99.998% and the sputter-
ing power was 200 W for all of the films. Deposition took place onto
substrates positioned 13 cm from the target, see figure 17. This is a
long distance compared to other sputter set-ups. The advantage of a
long distance from target to substrate is that it gives the opportunity to
adjust the porosity of the films. Substrates used here for sputter deposi-
tion were CaF2 substrates, carbon substrates, regular microscope slide
glass and FTO glass. Certain substrate properties are required for dif-
ferent analysis techniques; for instance C substrates have a low atomic
number, which is required in Rutherford Backscattering Spectroscopy
(RBS) to reduce the background signal and facilitate the determination
of stoichiometry as well as density of the films. Optical transparent
and electrical conductive FTO is desired in photoelectrochemical mea-
surements, while CaF2 is used as a UV-Vis-NIR transparent substrate
in spectrophotometry.

Many thin film batches were deposited at working pressures (Ptot)
10, 15, 20, 25 and 30 mTorr. At Ptot = 10 mTorr the deposition rate was
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Figure 17: Angles and distance from target to substrate in the chamber

33 nm·min−1 and at Ptot = 30 mTorr the deposition rate decreased to
11 nm·min−1 .

The deposition time varied with deposition rate to aim for approx-
imately equally thick samples. During deposition the sample holder
rotated at a constant speed in order to obtain uniform thin films. Prepa-
ration parameters from three series are shown in table 2. The amount
of oxygen in the chamber was increased in series 3, as seen by the flux
ratio in table 2. This was to compensate for the increase in substrate
temperature Ts which reduces the deposition rate. The same amount
of oxygen as in series 1 and 2 yielded blue colored films, which is an
indication of oxygen vacancies and a slightly under-stoichiometric thin
film.

Most of the studies in this thesis were based on series 2 with Ptot =
10 and 30 mTorr including the same parameters as in table 2.

4.1.2 Dopants in tungsten trioxide

There are several ways to dope tungsten trioxide. Since doping has not
been the main subject in this thesis, only a brief presentation of the
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Table 2: Example of DC magnetron sputtering parameters

Series Ptot flux Ts
a Ta

b thickness dc grain size δd

[mTorr] ratio O2
Ar [oC] [oC] [nm] [nm]

1 10-30 0.43 RT 500e 800 38-48

2 10-30 0.43 280 400f 800 36-46

3 10-30 0.57 375 - 430-778 25-50
aTs is the substrate temperature in the sputter chamber.
bTa is the post-annealing temperature in air c The film thickness d was
calculated from Swanepoel’s formula [133]
d The grain size δ was calculated using Scherrer’s formula from XRD
measurements [80] and compared with SEM measurements.
e warming up 1h, in heat for 2h f warming up 40 min, in heat for 1h

doped WO3 thin films, that were produced during my thesis work are
presented here. Doping WO3 with;

1. Au particles on the WO3 thin film to enhance the photocatalytic
activity and to try to exploit the surface plasmon effect in Au
nanoparticles and its sensitivity to visible light. Investigate the
large work function of Au to trap photo-excited electrons [150,
24, 47].

2. Ag particles in and on the WO3 thin film for the plasmon effect
described above and to shift the potential level of the W 5d bands
over the hydrogen potential with the hybridization of the Ag 4d
and O 2p orbitals [15]. Ag has also an antibacterial effect which
is interesting in itself.

3. N in the WO3 thin film, a mixture of N2 and O2 gas was intro-
duced in the vacuum chamber. This is reported to increase the
visible light absorption [104].

The Au test was performed by sputtering gold nano-particles on
WO3 thin films with different thicknesses. To reduce contamination
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and control the process, the WO3 thin film was sputtered first and
then the chamber was opened to change the target to Au.

The Ag doped WO3 samples were manufactured by having two tar-
gets of W and Ag in the sputter chamber. Different samples were pro-
duced some with a very thin Ag layer on top of the WO3 thin film.
There were also some samples where Ag and W were sputtered simul-
taneously in O2 and Ar. The last ones gave the best results with the
most interesting properties of α-Ag2WO4 structure (ICDD 00− 034−
0061). Figure 18 (a) shows the absorption coefficient α of two samples
sputtered with WO3 and Ag. The blue curve has a thin layer of Ag
on top of the WO3 thin film and the red curve has a mix of Ag atoms
and WO3, which is the α-Ag2WO4 mentioned above. The α-Ag2WO4

thin film has an absorption tail into the visible range and an increase
of absorption in the range 350− 500 nm. Both samples have a small
absorption hill at approximately 650 nm. Figure 18 (b) shows a SEM
image of the top view of the α-Ag2WO4 thin film.

(a) (b)

Figure 18: WO3 thin film with Ag (a) Absorption coefficient α from one sam-
ple of Ag doped WO3 thin film d = 330 nm and one sample with
sputtered Ag on top of the WO3 thin film d = 330 nm (b) SEM
image of the surface morphology, top view of Ag doped WO3
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(a) (b)

Figure 19: WO3 thin film (a) Absorbtance of WO3 thin film with Au particles
with typical plasmon effect at 500 nm (b) SEM cross-section image
of an N-doped WO3thin film; at an angle of 80o from the surface
normal, showing growth properties.

Figure 19 (a) shows the absorbtance spectra of Au-WO3 thin films
with thicknesses of 200 and 400 nm. The atomic layer of Au is de-
posited for 20 and 30 s. The plasmon absorption is clearer in the 200
nm thin samples, where it is seen at 500 nm. It can also be observed in
the 400 nm samples intermixed with interference fringes from the thin
film.

The N doped WO3 thin films were deposited by inserting N2 gas at
different flow rates into the sputter chamber together with the O2 and
Ar gas.

Figure 19 (b) shows a SEM image of the cross section of an N-doped
WO3 sample. The samples were produced by introducing nitrogen gas
into the sputter chamber. The gas flow rate was 70 : 30 : 50 for Ar,
O2 and N2 respectively. The morphology has a pillar-like structure
growing up from the substrate.
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4.2 material characterization of structure properties

4.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images of the WO3 thin films
were obtained. SEM has higher resolution than a normal light micro-
scope since the wavelength of electrons is shorter than for the light [66].
Even if contrasts of the sample and charging can affect the resolution
in a SEM image, the improvement is a factor of 100 compared with a
regular light microscope.

SEM is performed in a vacuum and electrons are accelerated by an
applied field. When the primary electrons hit the surface and in some
cases penetrate through the material they are exposed to different scat-
tering processes. They can be backscattered elastically. These electrons
will be detected by the back scattered electron (BSE) detector, see fig-
ure 20 (a). If the electrons undergo inelastic scattering processes and

(a) (b)

Figure 20: Instrumentation and image (a) Outline of the detector positions
for a LEO 1550 FEG instrument (b) An image of a WO3 thin film
sputtered at Ptot = 30 mTorr at 50o angle to surface normal

release an electron in an ionization process, secondary electrons are
created and they are detected by an InLens detector. This detector is lo-
cated directly above the objective lens directly in the beam path, see fig-
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ure 20. The electrostatic attraction from the positive detector potential
of the SE2 detector (Everhardt Thornley detector), which is mounted
on the wall of the specimen chamber, also collects secondary electrons
and minimizes the shadows in the image due to the detection of elec-
trons from hidden spots on the surface. If the circumstances are good
a SEM image can establish surface morphology, porosity and grain
characteristics.

Analysis can only be done at relatively low pressure, as otherwise
the electrons will recombine with air molecules. This can be a limita-
tion if the material investigated contains water or other volatile fluids.

Samples for SEM analysis must also be conducting; otherwise they
will be charged and distort the images. To bypass this problem the
samples can be covered with an electrically conductive thin layer. This
can modify the appearance of the surface at high magnification. A sec-
ond solution for imaging low conducting samples is to apply silver
paste at the edges of the sample. Then magnification adjustments are
performed at the silver paste and the electron beam is then moved to
the actual surface for imaging. Figure 20b shows a SEM micrograph
of a WO3 thin film from a LEO 1550 FEG instrument with an InLens
detector. Top-view SEM images were taken on the surface, at the cross
section and at different angles 85o, 80o and 50o from the surface nor-
mal.

4.2.2 Atomic force microscopy (AFM)

A complement to SEM is an atomic force microscope (AFM), where
more detailed information down to atom-scale resolution of surface
roughness and grain size can be obtained [78]. Accurate determina-
tion of surface roughness is important since surface roughness may in-
dicate a higher surface area, even if the relation between surface rough-
ness and surface area is not trivial in a nanostructured film. A higher
surface area will adsorb more molecules in, for example photocatalytic
applications. A high surface area can also affect optical properties.
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A sharp tip located at the free end of a cantilever probes the surface.
Forces between the tip and the sample surface cause the cantilever to
bend or be deflected. The most common force associated with AFM
is the van der Waals force, which can be attractive or repulsive and
force the cantilever to bend when the tip approaches the surface. The
position of the cantilever is detected by a laser. A laser beam bounces
back from the cantilever to a position sensitive photodetector. As the
tip goes over the surface the iteration of the position of the laser beam
on the detector creates an image. The mean roughness ra is defined as

ra =
1

NR

NR

∑
j=1

∣∣Zj
∣∣ (37)

where NR is the number of measured points, j the number of line scans
and Zj the peak-to-valley difference in height within the analyzed line
scan. Several techniques can be used in an AFM measurement.

In contact mode, the tip is dragged along the topography of the
surface and a feedback mechanism is employed to adjust the cantilever-
to-sample distance to maintain a constant force between the tip and the
sample.

For tapping mode, the tip is not in contact with the surface. Instead
the tip vibrates at a high frequency over the surface. To track the sam-
ple surface a constant interatomic force between the atoms on the scan-
ner tip and the surface is maintained.
The difficult part is to adjust the force on the tip which scans the

surface to receive as much information as possible and to adjust the
frequency and the choice of scan speed, if the tap mode is used, be-
cause too high velocity will lose information from the irregularities
on the surface. Proper measurements give high resolution images in
the nano-scale. An example of a large-scale AFM image from a WO3

thin film is shown in figure 21. The image shows a surface with peak-
to-valleys in the 15 nm range along the z-axis. Measurements were
performed with an AU04-AFM PSIA XE150 instrument.
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Figure 21: An AFM image of the surface from a WO3 thin film sample sput-
tered at Ptot = 30 mTorr

4.2.3 X-ray diffraction spectroscopy (XRD)

One of the most important techniques used to characterize the struc-
ture of crystalline films is X-ray diffraction (XRD) [29, 19, 30]. It can be
used to identify crystalline structures, orientation of the crystal and to
determine grain size and strain. The peaks with different intensity as
a function of the angle θ from the scattered planes form a pattern re-
lated to a specific crystalline structure. The basic physics is described
in section 2.1 .

The most common method for finding out which structure the thin
film has is to use grazing incidence X-ray diffraction (GIXRD). At the
Ångström Laboratory a Siemens D5000 Th-2Th instrument was used
for low-angle measurements using parallel geometry with 0.15o and
0.40o parallel plate Sollers which have a resolution of 0.14o and 0.3o

in (2θ), respectively. Figure 22 (a) shows the principles for a grazing
incident instrument. The parallel plate collimator scans over the angles
to collect the scattered beam from a large surface area due to the low
incident angle of the x-rays. For samples with film thickness > 800 nm
the XRD Siemens D5000 Th-Th with Bragg-Brentano geometry was
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1
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222222
(a) (b)

Figure 22: (a) A simplified image of the GIXRD experimental setup (1) X-ray
source fixed at a low constant incident angle, (2) Sample holder
with long beam projection and (3) A parallel plate collimator
which scans the large detection area (b) XRD pattern from a γ-
WO3 thin film sputtered at 30 mTorr with film thickness of d = 400
nm

more suitable because of better resolution of 0.09 degrees (2θ). The
device has a fixed divergence and anti-scatter slits.

The scans were conducted in the range from 10 to 90 degrees (2θ)
employing CuKα radiation with a wavelength of 1.5406 Å, operating
at 45 kV and 40 mA. Figure 22 (b) shows an XRD spectrum typical for
RT monoclinic γ-phase of WO3 [147]. The grain size, diameter δ called
L below, was calculated with Scherrer’s formula [80];

δ =
kλ

(βc − βi)cosθ
(38)

where k is the geometric shape factor, λ is the X-ray wavelength, βc the
full width at half maximum (FWHM) of the X-ray diffraction peak, βi
the instrumental broadening and θ the diffraction angle.
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Several of the samples had a peak broadening due to two effects;
from average grain size, L, and strain, ε. They can both be extracted
from experimental data using the Williamson-Hall method [146]

cos (θ) (βc − βi) =
kλ

L
+

〈
ε2〉1/2

sin (θ) (39)

where ε = ΔL/L is the strain in the [hkl] direction.

4.2.4 Rutherford backscattering spectrometry (RBS)

Stoichiometry and density of the WO3 thin films were determined us-
ing Rutherford backscattering spectrometry (RBS). This method makes
it possible to identify elements in the sample and to determine the
depth distribution and the chemical composition in very thin layers,
up to a few atom layers [26, 39]. In RBS light ions, usually alpha par-
ticles (He nuclei) with known mass are accelerated in a focused beam
to an energy E0. They collide with the sample and are back-scattered
elastically from the atomic nuclei in the material. An energy detector
working as an amplifier will increase the signals from the ions and a
multi-cannel analyzer separates the signals according to energy. The
yield Y(Ω) is given by

Y(Ω) = NI NS

(
dσ(θ)

dΩ

)
dΩ (40)

where NI is the number of incident ions, NS is the number of sample
atoms per cm2 and dσ(θ)/dΩ is the scattering cross section. The en-
ergy E from the backscattered ions varies with depth into the sample.
When an ion passes through the sample to hit an atom it will lose
some energy on its way in (ΔEin) and on its way out when it has been
scattered (ΔEout), and the signal from the atoms seen in the spectra
will be shifted due to the penetration depth.

The measurements were carried out at the Uppsala Tandem Acceler-
ator Laboratory using 4He+ ions at an energy of 2MeV. An azimuth, α

of 7o was applied to the sample holder to avoid the risk of channeling
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into the crystal growth direction[39]. The ions were backscattered at
an angle of θ 172o.

Data analysis was done with the program SIMNRA [102] from where
Ns, the number of atoms per cm2, and n, the number of atoms in the
molecule which relate to the stoichiometry, can be determined. For in-
stance, in SIMNRA a layer of WO3 is described as 25% W and 75% O.
The program calculates the stoichiometry and the O might be lower
than 75%. With known n the molar mass M of the molecule is calcu-
lated. The density ρ can be calculated using the formula;

ρ =
MNs

nNAd
(41)

where NA is the Avogadro constant and d is the thickness in centime-
ters. Figure 23 shows a typical RBS spectrum where the black line
curve is the experimentally measured yield of tungsten, oxygen and
carbon, respectively, through the thin film and substrate. The black
dotted line is the simulated result from SIMNRA, from which the cal-
culated density and stoichiometry are determined. The widths of the
peaks is related to the thickness of the film and the energy losses from
the material the ions are passing through.

The resolution from a measurement depends on the ion mass and
the atomic mass in the material. From Newton’s law of energy conser-
vation it can be concluded that heavier atoms in the material transfer
more energy to the ions that are being backscattered. This can be de-
scribed by the kinematic factor K. In the collision, the fraction of en-
ergy which remains in the ion is E=KE0, and 1-K is transferred to the
recoiled atom. There is good mass resolution for light elements and it
is a possible to distinguish between isotopes. There is, for example, a
great shift between C12 and O16, but almost no shift between Au197
and Hg201. Mass resolution improves with increasing incident ion en-
ergy.

The much higher experimental curve at low energy is due to the
detector giving counts of low energy signals from secondary scattering
processes and not from the actual substrate. The choice of substrate as
well as the thickness of the film is important for RBS analysis. Light
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Figure 23: A RBS spectrum of a WO3 thin film on a carbon substrate sput-
tered at 30 mTorr thickness d is approximately 70 nm. In the figure
the experimental and simulated curves are shown with the contri-
bution from the substrate denoted C and from the WO3 denoted
O and W

elements may overlap with thicker layers of heavier elements or with
a substrate containing heavy atoms.

4.2.5 X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy
(XES)

In X-ray spectroscopy we gain information from electronic transitions
that occur during absorption and emission processes, X-ray absorp-
tion spectroscopy (XAS) and X-ray emission spectroscopy (XES), re-
spectively. In XAS one can probe transitions from the initial core-level
state to the empty CB or band gap states, while in XES one can probe
the decay process from the filled VB or band gap states.

XAS is a useful technique to determine electronic structure and ge-
ometries in all phases (solid, liquid and gas) [82, 21]. The electronic
structure is found by tuning the energy to match transitions to empty
states, which are dipole allowed. There is a unique sensitivity to the
local structure and molecular structure. This opportunity is also used
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to analyze absorbed molecules on the surface and catalytic processes
[95]. The experiment is performed at synchrotron radiation sources,
which provide intense and tunable X-ray beams with high brilliance
(photons/s/mm2/mrad2/0.1 %BW where 0.1% BW denotes a band-
width 10−3 ν centered around the frequency ν).

XAS data are obtained by using a crystalline monochromator and
tuning the photon energy to a range where core electrons can be ex-
cited into an unoccupied state.

For transition metals with partially occupied d orbitals, additional
insights can be gained by examination of pre-edge features that result
from 1s to (n - 1)d transitions. These are relatively weak in intensity (Δ
l = 2; hence, formally forbidden or dipole-forbidden), but they can be
detected as they occur at energy slightly less than that of the main ab-
sorption edge. The pre-edge peak intensity increases when the ligand
environment is perturbed from octahedral symmetry.

The XAS, XES and RIXS measurements were performed at two syn-
chrotrons. The first was at MAX II (MAX-lab National Laboratory)
in Lund, endstation I511 − 3 [36] where the beamline is an undula-
tor based soft X-ray with an endstation utilizing a modified SX-700
monochromator. The insertion device provides horizontally polarized
light in an energy range from 50 eV to 1500 eV, with a photon flux
on the sample of 1011-1013 photons s−1 for the 1220 line mm−1 grating.
The energy resolution was (E/dE) 5 · 103 − 2 · 104, with the 1220 lines
mm−1 grating. The pressure in the chamber has to be below 5 · 10−8

mbar to be able to open for the beamline and the vacuum in the ring.
The second synchrotron was BESSY II in Berlin, at beamline U41−

PGM31 [76]. This is an undulator beamline with a flux density at the
end-station of 1012-1013 photons s−1 in the excitation energy interval
170 to 1500 eV. The beamline resolutions for both the absorption and
emission O K measurements were 0.17 eV. The emission recordings
were done with a spectrometer resolution of either 0.32 eV or 0.18 eV
measured in the first and second order diffraction, respectively, using
a 1200 lines mm−1 spherical grating with a radius of 5 m.
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4.2.6 Resonant inelastic X-ray scattering spectroscopy (RIXS)

In resonant inelastic X-ray scattering spectroscopy (RIXS), it is possi-
ble to explore the electronic structure of complex systems [124, 50].
RIXS is also measured at the synchrotrons described above in section
4.2.5. The final states of a RIXS process are filled low-energy valence
states which are reached via a resonant excitation to an intermediate
states, usually a d-state in metal oxides, hence the name RIXS. The in-
tensity is controlled by dipole transition amplitudes from the selection
rules that impose restrictions on the states involved. This provides se-
lectivity with respect to orbital symmetry, including the fact that all
the transitions have a cross-section probability; first the excitation of
a core hole state with the incident photons, then the transition of the
electron from the core hole state to an intermediate state, which decays
to a valence state, see also figure 24 (a). RIXS is a photon-in photon-out
process where one can measure the change in energy and momentum
of the scattered photon. This means that the electronic excitations are
observed as energy loss features in a RIXS spectra.

The use of tunable synchrotron radiation for excitation provides fur-
ther means to obtain detailed information about electronic structure.
When measuring both the energy and momentum change of the scat-
tered photon, the phase space can probe the full dispersion of low
energy excitations in solids. Preferably, RIXS requires high brilliance
since the cross sections for emission are low and spectrometers for
high resolution studies have low efficiencies.

Figure 24 (a) shows the outline of the physical processes in XAS,
XES and RIXS spectra. In XAS the incident energy is scanned through
an absorption line. In XES the incident energy is tuned well above an
absorption edge and in RIXS the incident energy is scanned across an
absorption edge.

Figure 24 (b) shows a simplified picture of a synchrotron. Electrons
are injected into the ring at a certain time or continuously. A wig-
gler/undulator with many dipole magnets will change the accelera-
tion of the electrons. This in turn enhances the synchrotron light tan-
gential to the dipole magnets. Usually there are many beamlines from
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(a) (b)

Figure 24: Basics of x-ray spectroscopy measurement (a) Outline of excitation
and emission processes (b) A simple sketch of a synchrotron 1.
injection, 2. Bending magnets, 3. beamlines, 4. measurements, 5.
undulators/wigglers

the ring with working stations for different measurements, for instance
XAS and RIXS.

4.3 optical methods for characterization

4.3.1 Spectrophotometry

A stream of photons can travel in the same state with the same energy,
same frequency, same momentum and same direction; a monochro-
matic wave. A flux of broad band electromagnetic waves can be sep-
arated into well-defined wavelength intervals with a monochromator
which is, for example, used in UV/Vis/NIR spectrophotometry. The
monochromator contains prisms or gratings, slits and mirrors that will
first focus and then disperse the light into a narrow wavelength inter-
val. Spectrophotometry with monochromatic light is the most straight
forward technique used to obtain information of the optical properties
of a material.
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The transmitted Ttot and reflected Rtot light can be separated into
diffuse and specular contributions. Most of the projects in this thesis
involve WO3 thin films deposited on CaF2 substrates, and the diffuse
contribution from them was found to be less than 0.5%. The equations

Ttot = Ts + Td

Rtot = Rs + Rd (42)

are reduced to only specular components Ts and Rs, whereas the dif-
fuse transmittance and reflectance Td, Rd are approximated to zero.

Normal transmittance and near-normal reflectance were measured
using a Perkin-Elmer Lambda 900 double-beam UV/Vis/NIR spec-
trophotometer in the wavelength range 300 to 2500 nm, which includes
an integrating sphere with spectralon (polytetrafluoroethylene, PTFE)
[122]. The material is as close as possible to a total diffuse Lambertian
material.

Specular reflectance 
exit port

Reference 
entry port

Transmittance 
port

Reference 
exit port

Reflectance 
port

Figure 25: Schematics of a typical configuration of an integrating sphere ac-
cessory used in spectrophotometry in top-view

Figure 25 shows the integrating sphere with ports for a Ttot mea-
surement at the transmittance port and for an Rtot measurement at
the reflectance port. The reflectance standard is a calibrated spectralon
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plate. To measure the diffuse contribution to reflectance the specular
reflectance exit port is open. Diffuse transmittance is measured by re-
moving the spectralon at the reflectance port and instead placing a
beam dump there, which absorbs all specular incoming light. Light can
escape through ports and not be detected and in a double-beam instru-
ment such as the Lambda 900, additional sphere ports are necessary,
for instance, to allow the entry of the reference beam into the sphere.
The double-beam setup reduces the effects of instrumental drift be-
cause of the simultaneous feedback of the signal ratio from the sample
and the reference beams [123].

Viewed from the detector in the bottom of the sphere, the equipment
is not totally spherical due to the ports necessary for the measurements.
This influences the results.

To measure reflectance and transmittance of small samples a mask
was used to hold the 13 mm diameter CaF2 samples.

There are more corrections for the reflectance measurements than
for transmittance measurements. The spectralon reference plate was
placed further away from the integrating sphere, due to the mask and
sample holder. Since the sample part opening in the used mask was
smaller than the light beam, a background signal, Rmask, from the mask
was always present and had to be subtracted from all measured signals.
The spectralon was also highly diffuse compared to the samples, which
were highly specular. This leads to different port losses for the sample
and reference scans.

The sum of these small errors in specular reflectance measurements
are included in a correction factor, C. The total reflectance from a mea-
surement Rtot was

Rtot = C (Rdet − Rmask) (43)

where Rdet is the detected signal from the sample scan. To find the
value of C two extra measurements were performed. The reflectance
was measured with the Lambda 900 spectrophotometer, using a sam-
ple here chosen to be the CaF2 substrate, given a value RCaF2 . The same
substrate was measured using an optical absolute instrument, given a
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value Rabs. The optical absolute instrument does not contain any inte-
grating sphere and no reference sample is required. The ratio of these
two measurements correspond to the inverse of the unknown correc-
tion factor C. These corrections will obtain the signal of reflectance
solely from the sample (since C = RCaF2 /Rabs). This correction as a
function of wavelength can then be used for any specular sample us-
ing that kind of substrate holder.

4.3.2 Film thickness determination

Different techniques can be used to determine the thin film thickness.
In the group of Solid State Physics two profilometers were used during
this work; first a Tencor Alpa-step 200 and then a snappy Detak XT
(Bruker). They can scan the surface with a certain pressure on the sharp
needle, which is in mechanical contact with the sample. The scans
go from the thin film surface to the substrate surface. Samples were
measured several times to obtain mean values.

The thickness of the thin film can also be calculated from the optical
interference fringes in a transmittance spectrum measured by a spec-
trophotometer. By following the method used by Swanepoel [133] the
refractive index n of the WO3 thin film can be calculated. The refractive
index of the substrate s is expressed as

s =
1
Ts

+

(
1

T2
s
− 1

)1/2

(44)

where Ts is the interference-free transmittance. When the transmit-
tance is measured through the WO3 thin film and substrate, there is
a small absorption in the visible range and α �= 0. The interference
fringes have transmittance maxima TM and half integer of transmit-
tance minima Tm, which contain information of n and d. The quantity
N can be calculated from

N (λ) = 2s (λ)
TM (λ)− Tm (λ)

TM (λ) Tm (λ)
+

s (λ)2 + 1
2

(45)
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Then the refractive index becomes

n (λ) =

[
N (λ) +

(
N (λ)2 − s (λ)2

)1/2
]1/2

(46)

Figure 26 shows a zoom-in on a transmittance measurement where
TM(λ) maximum and corresponding Tm(λ) half integer minimum give
an array of values of n(λ) and d(λ) using the formulas described here.
The thickness d is calculated with the formula;

d =
λ1λ2

2(λ1n2 − λ2n1)
(47)

where n1 and n2 are the refractive indices at two adjacent maxima at λ1

and λ2. The thicker the film, the more interference fringes and the bet-
ter average value from the array of d(λ). This method was used mainly
for thin films on CaF2 substrates, applying the equation for a region of
weak and medium absorption. As Swanepoel [133] mentioned in his

Figure 26: Transmittance measurement of a WO3 thin film on a CaF2 sub-
strate sputtered at 30 mTorr and film thickness of d = 1000 nm
describing the TM(λ) maximum and corresponding Tm half inte-
ger minimum

article, the method is more certain for the refractive index n than the
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thickness d and as a general rule the start values at high absorption
and short wavelength are not applied in calculating the thickness.

An optical simulation program SCOUT was used to understand op-
tical absorption in the NIR range [135]. The program fits transmittance
and reflectance spectra to oscillator models described in section 2.2.1.
It indirectly calculates the thickness of the samples by iteration from an
approximate start value. Oscillator models and dielectric background
εr are used to give mathematical expressions for the optical constants.
In the dielectric background, the dielectric is by definition the contribu-
tion from the polarization which electrons at higher frequencies induce
in the material. From the simulations the refractive index n, extinction
coefficient k, dielectric function ε and the absorption coefficient α are
calculated [135].

4.3.3 Ellipsometry

Ellipsometry can be used to measure the dielectric properties of a thin
film [11]. It measures the complex reflectance ratio ρ between the two
polarizations and can be expressed as

ρ = tan(Ψ)eiΔ =
rp

rs
(48)

where rp and rs is the reflectance of p- and s- polarization, see sec-
tion 2.2.3. The value of tan(Ψ) describes the amplitude ratio based on
reflection, which gives information about the refractive index and ab-
sorption, whereas Δ is the phase shift upon the reflection, which is con-
nected to the surface roughness and sensitivity to the thickness. The
two angles can be measured in the range Ψ (0− 90o) and Δ (0− 360o).

The equations which relate dielectric constant ε to refractive index n
and the parameters used in ellipsometry can be expressed as

〈ε〉 = 〈ñ〉2 = sin2 (φ) ·
[

1 + tan2 (φ) ·
(

1− ρ

1 + ρ

)2
]

(49)

where φ is the angle of incidence.
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In figure 27 (a) a simplified picture of the properties measured (φ, Ψ
and Δ) and the properties of the sample gained from these measure-
ments (n, k and ε) is illustrated. The technique is based on the polar-
ization (s and p-plane) of the incident and reflected light. A reminder
of this is shown in figure 27 (b), see also section 2.2.1.

(a) (b)

Figure 27: Basics of ellipsometry (a) Ψ and Δ reveal information about the ma-
terials refractive index of n and k (b) Light reflecting on a surface
to measure the change in Ψ and Δ

When choosing multiple angles for the incident light on the sample
it is best to have one above, one below and one near the Brewster angle
(for tungsten 44.98o).

The part of the electromagnetic spectrum where ellisometry is avail-
able is from vacuum ultraviolet (VUV) to infrared (IR) 10-0.03 eV. The
working process normally measures the samples, then a calculation of
the response is done by using optical models to generate data that is
comparable with the experimental results (regression analysis). Apart
from the optical models the fit parameters , which are partly explained
in section 2.2.1, are the refractive index n and k together with thickness,
roughness and uniformity, see also literature [11].
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4.3.4 Raman spectroscopy

Raman spectroscopy can be used to study liquids, gases and solids
[9]. The first experimental discovery of these inelastic light scatter-
ing processes was by C.V. Raman in 1928 [120]. However, high power
monochromatic light sources are required to see the Raman effect in
most cases; hence the "delay" time of 40 years before it became widely
used, since the laser had to be invented first [98].

In Raman spectroscopy the energy difference between the excitation
light and recorded light due to inelastic scattering is recorded. Usually
visible light is used to reach an intermediate (virtual) state, or an ex-
cited molecular state in resonance Raman, and some of this incident
energy is released or taken up by the crystalline solid. Energy losses in
the far infrared correspond to typical phonon energies. Typically 10−7-
10−6 of the total number of scattered photons lose, or pick up energy.
Most are elastically scattered or give rise to fluorescence. The energy
of the phonons is of the order of 10-50 microns. The photon energy
is absorbed by atomic or molecular rotation, bending and stretching
vibration modes in the material. In crystalline materials the normal
modes are unique to a particular structure, so a Raman spectrum may
ideally be used to identify both material and phase.

The frequency of the incident light is shifted like a Stokes or anti-
Stokes shift, and Raman lines only occur if the polarizability is changed
during the scattering process, see figure 28 (a). If the final vibrational
state is more energetic than the initial state, then the emitted photon
will be shifted to a lower frequency to conserve the total energy of the
system. This shift in frequency is designated as a Stokes shift. If the
final vibrational state is less energetic than the initial state, then the
emitted photon will be shifted to a higher frequency, called an anti-
Stokes shift.

In this study a laser with green light of wavelength 514 nm was used
to excite electrons, which in turn excited phonons when they decayed
from virtual states in the material, in the wavenumber range 100 −
1500 cm−1. The photons which were backscattered against the detector
were collected through notch filters to remove the much more intense
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(a) (b) A Raman spectrum of WO3

Figure 28: Basics of a Raman measurement (a) Excitations from ground state
(GS) and a rotational state (RS) to virtual states (VS) and excited
state (ES) (b) Raman spectrum of a sputtered WO3 thin film at Ptot
= 30 mTorr with typical bending (δ) and stretching modes (ν) of
asymmetric and symmetric vibrations

Rayleigh scattered light (up to 107 times more intense) and directed
to a grating for wavelength separation and then to the CCD detector.
The shift in energy from the backscattered photons gives information
about the modes in the system. The change in frequency Δν can be
expressed

Δν =

(
1

λ1
− 1

λ2

)
(50)

where λ1 is the excitation wavelength of the photons and the λ2 is the
emission wavelength. Raman spectroscopy is typically used to charac-
terize materials, classify phonon modes with complementary normal
mode analysis and measure low frequency far-IR excitations. In molec-
ular spectroscopy the symmetry rules of Raman and IR can be used to
work out more details concerning bonding symmetries. Raman trans-
forms according to the polarizability of the excited molecule. In solid
state spectroscopy, the symmetry is usually reduced and less informa-
tion can be obtained from this type of measurement.
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Quantitative analysis is possible by measuring the relative intensities
of bands that are directly proportional to the number of modes. For
example, a collation of the vibrational mode of the W=O double bond
on the surface and the W-O-W vibration mode in the bulk can identify
the roughness and porosity which will define the surface area. Phase
composition can also be quantified with Raman in much the same way
as in XRD. Frequency shifts can give information about quantum size
effects in nanomaterials, or bond coordination in molecules.

The Raman spectra in this study were recorded in backscattering
geometry using a Horiba Jobin-Yvon Labram HR800 confocal Raman
microscope. A 514 nm Ar-ion laser operated at 5 mW laser power was
used as the excitation light source. The beam was directed through
a ×50 long working distance objective (LWDO, NA=0.45) and a 600
groove · mm−1 grating, yielding a spectral resolution of ≈ 3.5 cm−1.
The spectra were calibrated to a Si peak at 520.7 cm−1 of a Si(110)
wafer. Figure 28 (b) shows Raman spectra of a WO3 thin film, where
the asymmetric and symmetric stretching vibrations are denoted by ν.
The asymmetric and symmetric bending vibrations are denoted by δ.

4.3.5 Photoluminescence spectroscopy

Figure 29 (a) shows transitions over a band gap in a semiconductor.
Number (1) is an excitation over the CB minima and (2) an excitation
below the CB minima to examine possible band gap states. Both non-
radiative de-excitations (3) and non-radiative relaxations (4) can take
place. If radiative relaxation occurs, the emitted light is called photolu-
minescence spectroscopy (PL) [43]. The excited electrons relax rapidly
by phonon emission to the CBM and recombine to ground states in VB
by emitting photons (5). If the semiconductor contains band gap states,
emission can occur to and from these states, emitting photons as well
(6− 7).

The PL excitation spectrum determines a fingerprint of transition en-
ergy levels. Energy values with high intensity peaks in the excitation
spectrum are used to determine electronic energy levels in the emis-
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sion spectrum. The PL intensity reveals the relative rates of radiative
and non-radiative recombination. Sometimes it is the non-radiative re-

(a)

Light source
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excitation spectrometer
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spectrometer
UV-Vis

Sample compartment 
moduleDouble grating 

emission 
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Vis-NIR

DetectorDetector

(b)

Figure 29: Photoluminescence (a) transitions possible in a semiconductor
over the band gap for excitation from the valence band (VB) and
emission measurements from the conduction band (CB) with prob-
able states in the band gap (BGS) (b) equipment with light source,
spectrometers, sample compartment and detectors

combination which is the most interesting. The number of excitations
and where in the material they occur depend on the penetration depth
of the material, calculated from the absorption coefficient. However, PL
often originates near the surface of a material and can be an important
tool in the characterization of surfaces.

The usefulness of PL for this purpose derives from its unique sen-
sitivity to discrete electronic states and its selectivity, which can be
found near surfaces and interfaces.

Two measurements are possible, an excitation spectrum where the
emission wavelength is constant and an emission spectrum where the
excitation wavelength is constant. To find out in which wavelength re-
gion the intensity is high, an iteration between emission and excitation
measurement is a good approach to aim for the highest PL signal. Fig-
ure 29 (b) shows the experimental setup for the measurements. The
source of radiation was a 450 W Xe lamp producing photons. The
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beam of light is filtered by a double-grating excitation monochroma-
tor that allows a single wavelength of light to reach the sample. In
the sample compartment, the sample responds to the incoming radi-
ation, using front face illumination 30o to the normal of the surface.
The resulting radiation is filtered by an emission monochromator that
feeds the signal to a photomultiplier detector. By stepping one of the
monochromators through a wavelength region and recording the vari-
ation in intensity as a function of wavelength, a spectrum is produced.
The emission spectra were corrected for the spectral sensitivity of the
detection system by using a calibration file of the detector response.





5
P H O T O C ATA LY S I S A N D
P H O T O E L E C T R O C H E M I S T RY

5.1 photocatalytic degradation of organic molecules

5.1.1 FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is widely used in chem-
ical research and industry. In FTIR spectroscopy low energy electro-
magnetic waves in the infrared region can for example be irradiated
through a sample in transmittance mode or reflected from a sample
in a backscattering mode. The samples can be in gas, liquid or solid
phase. The molecular vibrations of the organic molecules with vibra-
tional modes equivalent with the electromagnetic waves absorb the IR
radiation. The selection rule in IR is the dipole moment operator. IR
can be used to work out details concerning bonding symmetries of
molecules adsorbed on the solid state surface [58].

A mathematical Fourier transform algorithm is applied when light
in the whole wavenumber range, in this work 800− 4000 cm−1, is ir-
radiated on the sample. A set of mirrors, one movable and one static,
are used in an arrangement called a Michelson’s interferometer using
the physical feature of wave interference. The idea is to deliberately
change the path length by a precisely modulated moving mirror, a
HeNe laser act as a "clock" which keeps track of the mirror position.
A computer processing turn the raw data into absorption as a func-
tion of wavelength. The time it takes to do a measurement compared
with a monochromator decreases with the use of Fourier transform
algorithms.

The photocatalytic activity was measured with FTIR spectroscopy
using a vacuum-pumped Bruker IFS66v/S spectrometer, see figure 30
(a), equipped with a LN2 cooled narrow band HgCdTe detector (3).

73
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Different kinds of sample holders and set-ups can be placed at the
sample compartment (2) explained in the next sections. The large com-
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Figure 30: FTIR spectroscopy (a) Bruker IFS66v/S FTIR spectrometer 1. light
source and interferometer 2. sample compartment 3. detector (b)
Lamp house with cooling and lenses 5. optic fiber, 6. lens, 7. air
mass filter, 8. water filter (IR), 9. focusing lens, 10. lamp house

partment (1) is where the IR light source and interferometer are placed.
A light source consisting of a HeNe laser is situated outside the spec-
trometer and the beam is directed through a window onto the beam
splitter via a set of mirrors. The vacuum can be controlled from the
system box at (4).

For the photocatalytic degradation measurements of molecules on
the WO3 thin film surface two different light sources were used. Fig-
ure 30 (b) shows the set-up of the lamp house (10) with filters and
lenses. The light source was placed one meter from the sample holder
and reached by the optical fiber. Simulated solar light was generated
by a Xe arc lamp source operated at 200 W filtered through a set of air
mass filters (AM1.5), position (7) in the set-up. To measure at which
wavelength / energy the photocatalytic activity starts a Hg lamp op-
erated at 300 W was used with band pass filters center at wavelength
546, 436, 406 and 313 nm (10 nm FWHM, Oriel) also position (7). For
reduction of the infrared part of the emission spectrum, the light was
first directed through a 75 mm long water filter (8) (de-ionized water,
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18.2 MΩ). The light was collected into a fused silica fiber bundle (5)
and directed on to the sample cell through a CaF2 window at an angle
of 25o to the surface normal. To focus the light lenses were placed at
position (6) and (9).

In all measurements the FTIR background was collected in transmis-
sion mode. FTIR spectra were recorded with 4 cm−1 resolution using
30 s measurement time per spectrum and 30 s dwell time between
consecutive spectra.

5.1.2 Reaction kinetics and quantum yield

Beer-Lambert’s law described in chapter 2.2 can also be used for so-
lutions with a certain concentration c (M), the transmitted intensity I
can be expressed as [9]

I = I010εcd (51)

where I0 is the incident light intensity on the cuvette, ε is the extinction
coefficient (M−1cm−1) and d the thickness (e.g. the cuvette).

From this expression we can calculate the number of sites on the
surface. Here the convention is a power of 10 instead of the exponent
(seen in chapter 2) based on the expression of absorbance. For instance
by using a solution (M) of a dye with known molar weight (g mol−1)
and extinction coefficient (M−1cm−1). By measure the absorbance A
of the solution through a cuvette (1 cm) and the bare WO3 thin film
and with the dye adsorbed on the surface the number of sites on the
surface (mol cm−2), or molecules cm−2 using Avogados constant, can
be calculated.

A = log10

(
I0

I

)
= log10

(
1
T

)
= εcd (52)

The fractional coverage θ can be expressed as [10]

θ =
# adsorption sites occupied
# adsorption sites available

(53)
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Figure 31 (a) shows the photon flux φph(λ) from the Xe-lamp, which
was calculated from the measured photon power in the spectral range
300− 800 nm using a thermopile detector (Ophire).
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Figure 31: (a) Photon flux spectra from a Xe-lamp (b) Absorbance spectra of
the ν(C-H) vibration from Stearic Acid (StA) and Octadecylamine
(OdA) adsorbed on a 800 nm WO3 film

The absorptance in the film at low reflectance is approximately given
by A=1-e−αd. The total number of absorbed photons (nph,Abs) per area
and second (cm−2 s−1) in the film are determined by integration over
the range 300-500 nm and will be expressed as

nph,Abs =
∫ 500

300
φph (λ)

(
1− e−αd

)
dλ (54)

where Φph(λ) is the spectral photon flux (cm−2s−1nm−1).
To analyze the photocatalytic activity and acid-basic surface proper-

ties of the WO3 thin films two probe molecules as model compounds
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were employed, stearic acid (StA) (C18H36O2) and octadecylamine (OdA)
(C18H39N). The two molecules having -COOH and -NH2 termination
groups respectively on the surface have the properties of acid and al-
kaline [142]. The former is frequently used as a model for grease (fatty
acid) and is also the model substance in the proposed ISO standard
for photocatalytic self-cleaning tests.

Figure 31 (b) shows FTIR spectra of the absorbance A0 of the C-H
vibrations 3000-2700 cm−1, after appropriate baseline corrections. The
absorption of the two different probe molecules of (StA) and (OdA)
are easy to compare since both of them have a 18 carbon chain. It is
seen from the spectra that a higher concentration of alkali octadecy-
lamine (OdA) is adsorbed on the surface. Indicating a higher acidity
of the WO3 surface. The number of molecules in a monolayer NAU
per integrated absorbance unit (1 AU and cm2), has previously been
reported to be 3.17 · 1015 molecules cm−2 for TiO2 and was used here
to calibrate our data [116].

The initial decomposition rate k can be described by a first order
reaction, viz.

−dA
dt

= kA (55)

where A is the integrated absorbance unit per cm−1 and k is the degra-
dation rate (s−1). A plot of ln(A/Ao), where Ao is A at t= 0 versus time
t gives a straight line, with slope -k. From these equations the quantum
yield Φ is calculated as

Φ =
NAUθAk
nph,Abs

(56)

where θ is the coverage of molecules, eq. 53.

5.1.3 Liquid phase

StA and OdA were applied to the surface of the WO3 films by pipet-
ting 10 ml of 0.8 mM methanol solutions of each compound followed
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by spin coating at 1500 rpm. The measurements were made in trans-
mission mode with a substrate holder suitable for the 13 mm CaF2

samples with the WO3 thin film.
Figure 32 (a) shows a FTIR spectrum of stearic acid spin coated on a

WO3 film in the interval of 4000− 1000 cm−1. The peaks at 4000− 3500
cm−1 and 1700− 1500 cm−1 are stretching and bending vibrations re-
spectively of water (H2O). The two peaks at 2345 cm−1 is the asym-
metric stretching vibration of carbon dioxide νas(C=O) [131]. The peaks
that will specify the behavior of WO3 as a catalyst are the asymmet-
ric stretching vibration of carbon hydrogen νas(-CH) at 2925 cm−1 and
the symmetric stretching vibration νs(-CH) at 2850 cm−1. The high in-
tensity of the -CH vibration is caused by the 18 carbon long chain of
stearic acid with the surrounding hydrogen.

(a) (b)

Figure 32: Absorbance FTIR spectra of (a) Stearic acid on WO3 thin film d =
500 nm sputtered at high temp. 375o C at Ptot = 10 mTorr in the
range 4000− 1000 cm−1 (b) Octadecylamine degradation showing
the ν(C-H) vibration in the range 3000− 2750 on a WO3 thin film
sputtered at Ptot = 30 mTorr

Figure 32 (b) shows an absorbance spectrum of the degradation of
OdA on an photocatalytic active WO3 thin film in the range 2750−
3050 cm−1. The graph is zoomed in on carbon hydrogen νas(-CH) at
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2925 cm−1 and the νs(-CH) vibration at 2850 cm−1 which will represent
the 18 carbon chain of stearic acid [105]. At time t = 0 min, the Xe-lamp
simulating solar light with the AM 1.5 filter is turned on. After 11 min
most of the contribution of C-H vibration signals have disappeared.

5.1.4 Gas phase

This project was not fulfilled completely and it will only be presented
here in short. The photocatalytic activity of the WO3 thin film absorb-
ing gas phase molecules on the reactive surface was analyzed by using
a transmission reaction cell for the FTIR spectroscopy measurements.
The cell is shown in figure 33 (a). The molecules used were acetone
(CH3)2CO and formic acid HCOOH. The setup allows simultaneous
UV-vis and IR illumination of the sample.

The samples were kept at 300 K in a 100 mL/min feed flow of syn-
thetic air with 20% O2 and 80% N2 through the reaction cell to the
left in the figure (a). The feed flow was controlled by a set flow con-
trollers, and the gas purity was 99.994% (N2) and 99.9999% (O2) The
acetone was added to the feed gas through a home-built gas generator,
consisting of a capillary tube in contact with a liquid acetone reser-
voir maintained at constant temperature (T = 325 K) controlled by a
PID regulator connected to the transmission cell seen on the top of the
equipment 33 (a).

In each experiment, the sample was exposed to acetone for 13 min
then the samples were left in 15 min in the pure feed gas before the
illumination started. Figure 33 (b) shows numbered peaks of the FTIR
absorbance spectra. The t = 0 min indicate when the lamp was turned
on. Number (3) is the absorption band of ν(C=O) peak placed at 1690
cm−1 and (6) is the ν(C-C) peaks at 1229 cm−1 both directly connected
to acetone bound to the surface. The 1740 cm−1 peak (1) is associated
with the gas phase acetone [131]. Number (4) and (5) at 1422 and 1368
cm−1 are typical acetone peaks of δas(CH3 and δs(CH3) respectively
[64, 28].



80 photocatalysis and photoelectrochemistry

(a) (b)

Figure 33: Gas phase equipment and spectra (a) Transmission reaction cell
with gas in and out let, seen as the pipes to the left and a connec-
tion to heater at the top of the cell (b) Absorbance spectra of aceton
in gas phase and bound to the WO3 surface of a d = 500 nm thick
film

5.2 photoelectrochemistry

The experimental setup used for the photoelectrochemical evaluation
is shown schematically in figure 34. The light source employed was
a Xe arc lamp source (Oriel) operated at 300 W (1). An 80 mm water
filter and a focusing lens (2) was placed before the monochromator (3).
The monochromator was furnished with adjustable entrance and exit
slits. The light was focused on the entrance slit. A computer controlled
filter wheel (4) was used to select long pass filters with cut-on wave-
length 400, 560 and 660 nm. An extra filter holder (5) are placed in the
beam line for band pass measurements. The light from teh monochro-
mator was focused through two lenses (6) and directed into the pho-
toelectrochemical cell (10) after passing through a cylindrical lens (9).
A quartz window beam splitter (9) was employed to direct a minor
fraction ( 10%) of the light onto a Si diod (7) through a cylindrical fo-
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Figure 34: Schematic drawing of the experimental setup used in the pho-
toelectrochemical measurements; 1) Xe-lamp, 2) water filter, 3)
monchromator, 4) computer controlled filter wheel, 5) band pass
filter holder, 6) two focusing lenses, 7) reference photodiode, 8)
quartz window beam splitter, 9) cylindrical lens and 10) photo-
electrochemical cell containing working electrode (WE), counter
electrode (CE) and reference electrode (RE) (only the ports for the
electrodes are shown)

cusing lens. The diod was used to calibrate the intensity from the light
source. The image of the exit slit was focused onto the working elec-
trode (WE). The illuminated electrode area was typically 1 cm2. The
cylindrical photoelectrochemical cell consist of Teflon body with an O-
ring sealed top lid and a quartz window for the incident light. The
interior surfaces of the cell were black-coated to avoid reflections. WE
was placed close to the quarts window inside of the cell. The Ag/AgCl
reference electrode (RE) had a potential of 197 mV versus SHE at 25o

C [94]. A platinum grid was used as a counter electrode (CE). It was
encapsulated in a glass tub furnish with a glass fritz. All the potentials
in the experiments will be referred to a saturated silver electrode (SSE)
at 25o C, which with in experimental error was the cell temperature
in the cell all the experiments. The electrode potentials were set by a
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computer controlled potentiostat, which was interfaced with the step-
ping motor on the monochromator. This facilitated fully automated
wavelength and potential scan measurements, which greatly simpli-
fies measurements of action spectra. The three electrodes were placed
in a aqueous buffer solution of 0.2 M HAc (CH3COOH) titrated to pH
= 4.5 by a 0.2 M NaOH solution.

The electrodes were cut from large pieces of FTO glass substrate
with sputtered WO3 thin film. They were connected to copper wires
on a WO3 film-free area by a conductive silver epoxy. The exposed back
contact and edges were sealed with epoxy resin. The sealing procedure
was repeated a few times.

5.2.1 Interfaces, energy and potential levels

The energy level associated with the redox molecules in the electrolyte
will reflect the tendency to give up or to accept an electron when the
species approach the working electrode. The species that are attracted
and adsorbed onto the semiconductor surface will form a dense sheath
of ions and uncharged molecules called the Helmholtz layer [9] and
has a thickness in the range of a few Å depending on the size of in-
volved species. In a solid compact semiconducting electrode the charge
separation predominantly take place in the depletion (or space charge)
layer (w) and also in the diffusion layer, which in an n-type semicon-
ductor, like WO3, is represented by the diffusion length of the hole
(Lp).

In analogue with the CB and VB in the semiconductor, there exist oc-
cupied and unoccupied energy levels in the dissolved redox-molecules
of the electrolyte. The number of filled or vacant levels will depend on
the concentration of dissolved red- and ox-forms [119]. That can be
compared with the density of states, see figure 12. These states have a
distribution over energy (DOS). The position of the VB and CB edges
of the semiconductor and the occupied and unoccupied energy levels
of the electrolyte will decide the driving forces for the redox reactions.
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The redox potential of the solution Uredox has its counter part in the
Fermi level EF of the semiconductor, both describe a state which in
average is occupied by 0.5 electron. The electrode potential, Uox, of an
electrode immersed in a solution is determined by the Nernst equation
[12];

Uox/red = U0
ox/red −

RT
nF

ln
{Red}
{Ox} (57)

where U0
ox/red is the standard electrode potential at the temperature of

interest, n is the number of electrons transferred in the redox reaction,
R is the gas constant, F is the Faraday’s constant, {Ox} and {Red}
are the activities of the oxidized and reduced species at equilibrium,
respectively. The relation between activity and concentration is given
by {Red} = fred · [Red] and {Ox} = fOx · [Ox], where [Red] and [Ox]
are the concentration of the reduced and oxidized species and fRed and
fOx are the activity coefficients respectively [9].

The absolute electrode potential is the difference in electronic energy
between a point inside the metal of an electrode and a point outside in
the electrolyte in which the electrode is submerged. This potential is
difficult to determine accurately. For this reason, a standard hydrogen
electrode (SHE) is typically used as a reference. The potential of the
SHE at the vacuum level is -4.44± 0.02 V at 25o C. Therefore for any
electrode at 25o C

E = − (eU + (4.44± 0.02)) eV (58)

where E is the energy in relation to the free electron in space„ e is
the elementary charge and U is the electrode potential in accordance
with eqn. 57, that is the electrode relative to the standard hydrogen
electrode. Equation 58 gives the important link between the electro-
chemical scale derived from thermodynamics and which is arbitrary
chosen to have a zero point at SHE, and the energy scale for semicon-
ductors with its zero point at the level of the free electron in space.
The measured value of the electrochemical potential depends on the
choice of reference states [89]. The SHE is for daily laboratory work
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impractical to use. In this work the more handy saturated silver/silver
chloride (Ag/AgCl/Cl−) electrode has been used.

In dark and at equilibrium the Fermi level, EF, in the semiconductor
(SC) electrode and the Fermi level in the electrolyte are equilibrated.
The Fermi level in the electrolyte is dictated by the electrode potential
of the redox couple, Uox/red, see eqn. 57. The number of charge carriers
that can leave the SC are normally few compared to the number of
redox species in the bulk electrolyte. Thus the Fermi level in the SC is
forced to adjust to the Fermi level of the redox system in the electrolyte.
This causes a redistribution of charge over the SC electrolyte interface,
and a depletion- or space charge layer is formed in the in the SC in the
vicinity of the of the SC/electrolyte interface.

The so created electric field in the space charge layer of the semicon-
ductor will result in a bending of the CB and VB bands [56]. This band
bending will influence the electron and hole transport and facilitate
the charge separation.

When electrons are excited to the CB due to illumination by photons
with energy E≥Eg the system will be displaced from its equilibrium,
and there will be a driving force to return to equilibrium. The electron-
hole carriers can recombine or they can leave the SC and continue
through the outer circuit to a counter electrode immersed in the elec-
trolyte. The electron will reach the back contact and end up in the
counter electrode, the holes will reach acceptors in the electrolyte, and
perform and oxidation process (Red + h+ → Ox). The lope is closed
when the reversed reaction (Ox + e− → Red) take place at the counter
electrode. The carriers can be transported through the SC by both mi-
gration and diffusion. This means that the SC material has to be opti-
mized to make the best use of the light and having an electron hole
separation as fast as possible to suppress undesired recombination.

5.2.2 Voltammetry

In voltammetry measurements we study the current as a function of
applied voltage. It is a method to examine the charge transfer and re-
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action kinetics [27]. Voltammetry is complex in the sense that kinetics,
diffusion and capacitance effects influence the current during a poten-
tial scan.

(a) (b)

Figure 35: Cyclic voltammetry curves with a semiconducting WO3 electrode
at scan rate 0.05 Vs−1 (a) Shopped light at each 1.5 s measured
between 0− 1.5 V from a film with thickness d = 917 nm (b) two
sample electrodes sputtered at 10 and 30 mTorr measured between
0− 1.8 V

Figure 35 (a) shows cyclic curves scanned from 0− 1.5 V. In the third
scan the light is chopped at each 1.5 s. The curve with shopped light
can reveal how fast the system responds to light in a dynamic situa-
tion. It is shown in figure 35 (a) that the electrode works quite well,
the current density (max/min) values are reached fast. The scan rate
was for all measurements 0.05 Vs−1. Parameters important for high
efficiency in an n-type SC are; (i) the electrons and holes photogen-
erated in the semiconductor reach the interface boundaries (the back
contact and electrolyte interface, rescectively) before being destroyed
by recombination, (ii) the surface kinetics for the holes to oxidize the
species in the solution is fast.

Figure 35 (b) shows two samples of WO3 thin film electrodes. One
is sputtered at Ptot 10 mTorr producing a sub-stoichiometric thin film
with a high concentration of oxygen vacancies. The other sample is
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sputtered at Ptot 30 mTorr having much less oxygen vacancies in the
film. The 10 mTorr electrode can not reach the same current density on
the way back to lower potential. It contains traps for the electron and
this electrode will not be as efficient as the 30 mTorr sample. The cyclic
voltammetry curves shown in figure 35 (b) can be used to estimate the
concentration of oxygen vacancies in the WO3 film electrodes.

The charge Q corresponding to the concentration ascribed to the
presence of oxygen vacancies can be determined as the area of integra-
tion between the forward and reversed scan in the cyclic voltammetry
recording. The sweep against higher potential will empty the electron
states which contribute, during illumination, to an extra addition to the
photogenerated current. At the turning point when the sweep starts to
against lower potential the electron states are all emptied. On the way
back to lower potential the states will be filled again. The level to which
the electron states will be filled depends upon the fermi level EF and
the distribution of states in all energy levels (DOS) of the electron traps.
The states that will have the lowest energy level will be filled first. If no
kinetic barriers are present all the levels that were filled at the start of
the measurements will be filled at the end again. This means that the
total charge Qtot must be divided by two to get the number of electron
states in the film which have been emptied and then filled.

From the area between the forward and reversed scan, the charge Q
in coulomb units can be determined. The amount of oxygen vacancies
x (per unit WO3 molecule) can be calculated using the formula

x =
QM

eAdρNA
(59)

where e is the elementary charge (C), A is the surface area (cm2) that
is illuminated, d is the thickness of the film (cm), Q is the total charge
(C), M is the molar mass (gmol−1) and NA is the Avogados constant.
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5.2.3 Action spectra

An action spectra is the incident photon to current efficiency (IPCE)
plotted versus the wavelength of light. IPCE is expressed by [9];

IPCE (λ) =
hc
e

Iph (λ)

Pλ (λ) λ
(60)

where h is Planck’s constant, c is the speed of light, e is the elementary
charge, Iph is the photocurrent, Pλ is the light power intensity and λ is
the wavelength. If the absorbtance Aλ of the sample is known then the
quantum yield (Φ) can be calculated. The quantum yield explain how
many of the absorbed photons that will be converted to an electron.

Φ =
IPCE

Aλ
(61)

Both of these expressions have similarities with the photocatalytic cal-
culations in section 5.1.2. Action spectra measurements were carried
out at room temperature at the potential 0.6, 0.8 and 1 V with incident
light both on the front side (EE) and back side (SE) of the nanocrys-
talline WO3 electrode [90]. Figure 36 shows action spectra of the WO3

thin film in (a) a sample sputtered at 30 mTorr with thickness d = 1949
nm and in (b) a sample sputtered at 10 mTorr with thickness d = 715
nm. All the samples were corrected for the absorption in the FTO glass
in the SE measurements. It is evident from the action spectrum in fig-
ure 36 that the 30 mTorr sample has higher efficiency than the sample
sputtered at 10 mTorr, reaching a maximum IPCE of approximately
85% at an applied potential of 1 V. This is expected since the oxygen
vacancies in the 10 mTorr thin film will act as traps for the electrons
and aggravate the transport to the back contact.

The thicker sample (d = 1949) has higher efficiency from the EE
illumination than SE at 0.6 V. However, at 1 V the IPCE from SE il-
lumination are higher than the EE. With series of samples produced,
not shown here, possessing variation in thickness and measured at dif-
ferent applied potential two important parameters was calculated; the
depletion layer width (w) and the diffusion length (Le) [48, 22, 90]. The
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(a) (b)

Figure 36: Action spectra of WO3 thin film, IPCE of EE and SE illumination
(a) Sample sputtered at Ptot = 30 mTorr, d= 1949 nm (b) Sample
sputtered at Ptot = 10 mTorr, d = 715 nm

efficiency IPCEEE is according to the Gärtner-Butler model expressed
by [48]

IPCEEE = 1− 1
1 + αLe

e−αw (62)

where α is the absorption coefficient. The depletion layer varies with
the applied potential whereas the diffusion coefficient is a constant.

w =

(
2εε0

eN

)1/2

(U −UFB)
1/2 (63)

where ε is the relative dielectric constant, ε0 is the permittivity of free
space, N the concentration of oxygen vacancies, U is the electrode po-
tential and UFB is the flat band potential. The corresponding expres-
sion for the backside illumination is [90]

IPCESE =
1

1− αLe
e[−α(d−w)] − e−αd (64)
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6
S U M M A RY O F T H E R E S U LT S

Most of my results are discussed in papers I-V, enclosed in the last
part of the thesis. This chapter will be a guideline to the results and
also includes findings not included in the appended papers.

6.1 sputtered wo3 thin films

The properties of pressure , gas flow and temperature during film
preparation and post-treatment are of great significance for the crys-
tallization and for the resulting structure of WO3 [55]. The samples
used in this project produced by DC magnetron sputtering were usu-
ally highly transmitting. When holding them up against the light, they
had a vague shade of color. The film could also shift in nuance when
moving it in the light. Figure 37 shows samples of WO3 thin films on

Figure 37: Optical properties of WO3 thin films sputtered at different pres-
sures: (a) 1 = 10 mTorr, 2 = 15 mTorr, 3 = 20 mTorr, 4 = 25 mTorr
and 5 = 30 mTorr. A slight shift in color of the surface can be
observed

91
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CaF2 substrates sputtered at different working pressure from 10 mTorr
to 30 mTorr. The samples show a vague shift in color from bluish in
numbers 1 and 2 to slightly yellow in number 5. The refractive index
n calculated from transmittance measurements are for these samples
n1(10 mTorr) = 2.14, n2(15 mTorr) = 2.07, n3(20 mTorr) = 2.03, n4(25
mTorr) = 2.10 and n5(30 mTorr) = 2.01 [133]. It can almost be seen from
the color of sample 4 that it has a slightly higher refractive index than
expected at Ptot = 25 mTorr. Small shifts in pressure, temperature and
oxygen flow caused large changes of the properties of the WO3 thin
film. One of these properties is seen as the shift of the color of the
samples.

Figure 38: XRD spectrum of a WO3 thin film sample sputtered at 270o C and
post annealed at 400o C. After post annealing a typical monoclinic
γ-WO3 phase develops according to Woodward et al [147]

Figure 38 shows the influence of temperature on the crystallization
of the material. The XRD spectra show a WO3 thin film sputtered at
270o C and after post-annealing at 400o C. The red spectrum exhibits
a large amount of amorphous structure with characteristic broad spec-
tral features. Micro structures have just started to develop, appearing
as small peaks in the graph. After post-treatment the film has become
crystalline with RT γ-monoclinic structure [147].
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6.2 structure

Figure 39 (a) displays XRD spectra showing three different WO3 phases,
which were prepared by adjusting the sputtering parameters. The in-
dexing M, T and H in the figure indicates typical peaks for the phases
monoclinic, tetragonal and hexagonal respectively. These structures
are described in the papers of Woodward, Vogt and Oi [147, 141, 70,
112]. The three phases show quite a clear difference, which can be ob-
served just by watching the spectra, which is not the case when com-
paring the XRD spectra for the ε-,δ- and γ-phases. Low temperature
monoclinic ε-phase, RT monoclinic γ-phase and the triclinic δ- phase
are discussed in papers I and II [148, 125].

(a) (b)

Figure 39: Nano-crystalline WO3 thin film (a) XRD spectra of WO3 thin films,
monoclinic structure sputtered at 270o C on CaF2 substrate and
post-annealed at 400o C, tetragonal structure sputtered at 400o C
on CaF2 substrate and hexagonal structure sputtered at RT on glass
substrate and post-annealed at 500o C (b) Inclined view (50o) SEM
image of the WO3 surface sputtered at 30 mTorr

The hexagonal structure was found on samples sputtered at room
temperature on normal float glass substrates and post-annealed at
500o C for two hours. The tetragonal sample was sputtered at approx-



94 summary of the results

imately 400o C on a glass substrate and shows a surprisingly ordered
structure. The tetragonal structures seem to exist at a much lower tem-
perature in nano-sized structures than the usual 800o C for bulk WO3

structures [23]. The monoclinic structure was sputtered at 270o C on a
CaF2 substrate and post-annealed at 400o C for one hour. The γ-WO3

is a common structure for the nano-sized thin films, both on glass and
CaF2 substrates.

The SEM image in figure 39 (b) shows triangular shaped features.
The morphology indicates a high surface area. The surfaces are termi-
nated by W=O groups, as evidenced by Raman spectroscopy, shown in
figure 41. This affects the wetting properties and adsorption properties
of the films, which can be exploited in e.g. photocatalytic applications.

Figure 40: XRD spectra of hexagonal structures of WO3 thin films sputtered
at RT and post-annealed in 500o C for 1 h

Figure 40 shows XRD spectra from samples which display a clear
indication of hexagonal structure intermixed with an co-existing struc-
ture. Initially it was thought that the co-existing phase was the most
common γ-monoclinic structure. However, closer inspections revealed
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that it could not be the γ-WO3 phase. Sample (a) and (c) in figure
40 were sputtered at pressure Ptot = 10 mTorr and (b) and (d) were
sputtered at Ptot = 30 mTorr. Typical behavior, which can be seen in
the spectra of sample (b) and (d), is that the (002) peak at 28.2o 2θ is
larger at higher working pressure (30 mTorr) which indicates a change
in growth direction to [001

2 ]. Additional studies are required to obtain
a proper description of the phase composition of the films presented
in figure 40

Figure 41: Raman spectra of hexagonal structures of WO3 thin films sput-
tered at RT and post-annealed in 500o C for 1 h

Figure 41 shows two Raman spectra for the hexagonal samples where
(a) was sputtered at 10 mTorr and (b) at 30 mTorr. The Raman spectra
are similar to γ-phase monoclinic WO3 thin films with two differences.
The symmetric bending vibration, δ(W-O-W)sym, has lower intensity
and the stretching ν(W=O) vibration has much higher intensity. The
vibration at 950 cm−1 is the contribution from surface terminated tung-
sten carbonyl W=O group, which indicates that these samples have
a large surface area. The typical XRD peaks for hexagonal h-phase,
tetragonal α-phase and RT monoclinic γ-phase are summarized in ta-
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ble 3. In table 3 the first 10 diffraction peaks are presented, based on
Woodward et al works [147].

Table 3: XRD peaks in the nanocrystalline WO3 thin film showing the diffrac-
tion angle and diffraction plane with hexagonal (h) [112], tetragonal
(α) [3] and RT monoclinic (γ) [147] structures

2θh (hkl)h 2θα (hkl)α 2θγ (hkl)γ

13.9 (100) 22.9 (001) 23.1 (002)

23.2 (002) 24.1 (200) 23.6 (020)

24.3 (110) 28.6 (111) 24.4 (200)

26.6 (111) 33.5 (201) 26.6 (120)

28.2 (220) 34.3 (220) 28.9 (112)

36.8 (202) 41.6 (221) 33.3 (022)

49.8 (220) 49.3 (400) 34.2 (202)

53.5 (311) 50.1 (112) 41.9 (222)

55.9 (204) 55.0 (401) 49.9 (400)

58.1 (400) 55.6 (420) 55.9 (420)

Figures 42 (a) and (b) show XRD spectra of four WO3 thin film sam-
ples sputtered at T= 400o C at different pressure Ptot = 10− 40 mTorr.
They have a tetragonal α-phase structure with just a few high intensity
peaks. With increasing pressure, the growth direction changes from
[001] to [200] clearly as seen in figure 42 (b). Again we realize the
importance of the parameters in the sputter process, which can be op-
timized for instance, for photocatalytsis. To understand which surface
plane is most favored, for certain molecules to bond to would require
separate studies.

From the XRD spectra the preferred orientation, grain size and strain
can be calculated. In chapter 4 the methods are described. In many se-
ries of WO3 thin films prepared in the sputter, the pressure Ptot was var-
ied. At low Ptot the film became more densely packed exhibiting more
strain in the films due to the high velocity of the particles and thereby
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(a) (b)

Figure 42: (a)XRD spectra of sputtered WO3 thin films at T = 400o C at Ptot
a) 10 mTorr b) 20 mTorr, c) 30 mTorr and d) 40 mTorr (b). Zoom in
on the two peaks at 2θ = 22.9 and 24.1 corresponding to the (001)
and the (200) diffraction plane, respectively.

high sputter rate. This is explained in paper I where the Williamson-
Hall method was used, to extract strain from diffraction angle and
broadening from the experimental XRD spectra [146]. Figure 43 shows
the strain (ε) from two samples which are 3.6 % for the film sputtered
at 10 mTorr and 1.7 % for the film sputtered at 30 mTorr. The sam-
ples prepared at 10 and 30 mTorr had a grain size of 15 and 55 nm,
respectively.

6.3 physical and photocatalytic properties

When I started the PhD thesis many series of WO3 films were fabri-
cated, which exhibited the different structures, described in the previ-
ous section. In paper I a condensed version of a subset of these studies
is presented. Here there is a presentation of DC magnetron sputtered
WO3 thin films as a function of working pressure Ptot = 10− 30 mTorr.
The films were sputtered at Ts = 553 K with a gas flow ratio (Ar/O2)
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Figure 43: Williamson-Hall plot of WO3 thin films sputtered at 30 mTorr (4.0
Pa) and 10 mTorr (1.3 Pa).

of 0.43 and post-annealed at Ta = 673 K. These parameters were then
kept through all the papers I-V. The grain size was calculated from
XRD spectra. It was found to be in the range 15 − 55 nm and com-
pared with SEM images. By using a linear accelerator for alpha parti-
cles (He nuclei) at the Ångström laboratory Rutherford backscattering
spectroscopy (RBS) was performed to measure the density of the films.
The density δ was 6.58 gcm−3 for films sputtered at 10 mTorr and 6.38
gcm−3 for films sputtered at 30 mTorr, which can be compared with
the bulk density δ = 7.14 gcm−3 for WO3. These density values indicate
rather dense films.

The samples changed growth direction with the pressure from a
preferential [220] direction at 10 mTorr to a [200] direction for sam-
ples sputtered at 30 mTorr, as seen in the XRD spectra. A definitive
assignment of WO3 phase was difficult, due to the strain and the small
grains which broadened the peaks in the XRD spectra. Three phases
are distinguished: the monoclinic γ- and ε-phase and the triclinic δ-
phase, which are typically present in the crystalline WO3 in and close
to the room temperature range. The Raman spectra showed a typical
monoclinic structure. From the Raman spectra it was concluded that
a structural transition from a larger fraction of the monoclinic ε-phase



6.4 electronic and optical properties 99

in the samples sputtered at 10 mTorr to the more common monoclinic
γ-phase at 30 mTorr.

The refractive index n was obtained from optical transmittance mea-
surements and calculated to be in the range 2.01− 2.14.

Photodegradation of stearic acid (StA) on the WO3 films was mea-
sured using FTIR spectroscopy. The absorbance of StA was compared
with a calibrated value for the integrated absorbance unit [116] and
estimated number of surface sites. The number of surface sites were
approximated from absorbance of a known molecule D35, with the
same anchoring carboxyl group as StA [59]. With known concentra-
tion, extinction coefficient and porosity of the WO3, the number of
molecules adsorbed on the surface could be calculated. From this esti-
mate a coverage of 0.5 monolayer was estimated for StA. By integrating
the absorbance in the 3000− 2700 cm−1 range, which corresponds to
ν(C-H) vibrations in an FTIR measurement, the degradation rate kdec
could be calculated. There was a large difference between films sput-
tered at 10 mTorr with kdec = 0.09 min−1 and the 30 mTorr films with
more that twice as high degradation rate kdec = 0.21 min−1 was found.
The low degradation rate was attributed to the oxygen vacancies in the
sub-stoichiometric 10 mTorr samples, which act as e-h recombination
centers. From these measurements, together with the absorption coef-
ficient α, the quantum yield φ was determined. By using band-pass fil-
ters the StA degradation rates were measured at different wavelengths.
The rates were determined to be φ = 3.1× 10−5 and 1.5× 10−5 at 3.04
and 2.84 eV, respectively. As proposed in paper I, this may be due to
the fact that direct band gap is approximately at 3 eV and the states lo-
cated below the conduction band are proposed to lie too deep and not
capable to reduce O2, thus only facilitating a half-reaction where only
hole oxidation of hydroxyls drives the StA photo-oxidation reaction.

6.4 electronic and optical properties

This section covers the experimental and theoretical work on a DC
magnetron sputtered nanocrystalline WO3 thin film series with a vari-
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ation of sputter pressure Ptot = 10, 15, 20, 25 and 30 mTorr, as pre-
sented in paper II. The optical and electronic properties of the WO3

thin films were studied by optical spectroscopy and density functional
theory (DFT) calculations. The materials were characterized by GIXRD
and RBS. From these two experimental techniques, physical properties
of grain size, crystal phase and density could be determined. Opti-
cal characterization was done by spectrophotometry and ellipsometry.
By combining these two optical methods, the absorption coefficient α

could be analyzed in a broader energy range 0.5− 5.5 eV. The band
gap Eg was approximated using a method where no assumption was
needed concerning the nature of the optical transition [113]. In ellip-
sometry the complex dielectric functions ε = ε1 + ε2 of the WO3 were
determined.

To explore the electronic structure of the samples, the DFT calcu-
lations with the GW correction were performed for three different
types of WO3 phases; The triclinic δ-WO3 phase, the low tempera-
ture ε-WO3 phase and the room temperature γ-WO3 phase [84]. The
density of states (DOS), joint density of states (JDOS), which includes
direct forbidden transitions, and the dielectric function were obtained
from a partially self-consistent GW approach using LDA wavefunc-
tions. Green’s function G was updated iteratively, whereas the screened
Coulomb potential W was kept fixed.

Monoclinic films prepared at low Ptot showed absorption in the near
infrared due to polarons, which was attributed to oxygen vacancies
in the film. Analysis of the optical data yielded band-gap energies
of Eg ≈ 3.1 eV, which increased with increasing Ptot by 0.1 eV, and
correlated with the structural modifications of the films. Variation of
sputtering conditions resulted in several co-existing phases, with the
main components being the strained monoclinic phase at low Ptot and
unstrained monoclinic γ-WO3 phase at higher pressure, all including
a minor amount of monoclinic ε-WO3 phase.

The δ- WO3 and γ-WO3 phases were found to have very similar elec-
tronic properties, with weak dispersion of the valence and conduction
bands, consistent with a direct band-gap which completely dominates
the optical absorption. The consequence of a flat band structure is that
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the deviation of direct and indirect transitions is small and both direct
as well as indirect transitions may contribute to the optical absorption.
However, direct transitions will dominate when they are present and
will represent a more probable electronic transition.

However, analysis of the joint density of states shows that the optical
absorption around the band edge is composed of contributions from
forbidden transitions at approximately ≈ 3 eV and allowed transitions
at ≈ 3.8 eV. By comparing the JDOS with α(E) it is possible to under-
stand the strength of the optical transitions. The JDOS spectra show
that all three WO3 phases have a lower energy for the absorption edge
than the "true" absorption edge seen from spectrophotometry measure-
ments. These results shed new light on previous discrepancies of re-
ported band gap values for micro- and nanocrystalline WO3.

6.5 band gap states study

In both papers I and II it is understood that there are band gap states
in sub-stoichiometric WO3−x thin films. By combining different tech-
niques, the properties of the localized states were studied. In paper
III band gap states were studied using soft x-ray spectroscopy, optical
spectrophotometry and density functional theory (DFT). The energy
position of states in the band gap was compared with optical absorp-
tion in the near infrared (NIR) spectral range.

In paper III it was shown that band gap states in sub-stoichiometric
WO3−x thin films can be analyzed using resonant inelastic x-ray scat-
tering techniques. The optical absorption in the NIR range was also
simulated as two contributions using Gaussians functions. One of the
peaks stays at a constant energy of 0.74 eV regardless of sputter pres-
sure. This peak was assigned to intervalence transfer, due to polarons.
The other peak shifted with pressure from 0.96 eV at 10 mTorr to 1.16
eV at 30 mTorr. This is attributed to an electron transfer from an oxy-
gen vacancy state to a neighboring W atom (Vo → W6+. This shifting
peak can be compared with the energy position of an energy loss ob-
served in the RIXS spectra corresponding to oxygen vacancy states in
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the band gap, which also shift in energy from 0.92 eV below the ex-
citation energy (elastic peak) for the 10 mTorr to approximately 1.1
eV below in the 30 mTorr sample. The intervalence transfer is a slow
process involving phonons, whereas the electron excitation from the
oxygen vacancy is an instant interaction with photons which might
involve phonons. The former is therefore not seen in RIXS spectra.

In addition, the normalized x-ray absorption spectra (XAS) as mea-
sured by the total fluorescent yield at the O 1s, reflects the unoccupied
DOS projected on the O2p states of the conduction band. There were
four absorption bands between 530− 544 eV with spin-orbit splitting
of ≈ 14 eV. The absorption spectrum arises from the interplay of crys-
tal field and electronic interactions, which results in a splitting of the
W5d orbitals into t2g and eg states. The resonant inelastic emission spec-
trum, showed five emission bands where the main peak mainly was
due to non-bonding O 2p states of local t1g + t2u symmetry.

The RIXS spectra were compared to theoretical calculations of the
density of states (DOS) as well as electronic band structure. By compar-
ing RIXS measurements at different excitation energies, a small band
mapping could be done, showing a positive dispersion of the band gap
states.

6.6 photoelectrochemical approach

In paper IV, the photo-response of solid nanocrystalline WO3 thin film
electrodes with varying sub-stoichiometry prepared by DC magnetron
sputtering has been studied as a function of applied potential and
wavelength. The incident photon to current efficiency (IPCE) as a func-
tion of wavelength (action spectra) was measured, both by illumination
with the light incident upon the electrolyte-electrode (EE) interface
and the light incident upon the substrate-electrode (SE) interface. It
is shown from the action spectra that the over all efficiency of the WO3

electrode are dependent upon the film thickness and applied potential,
as well as the degree of sub-stoichiometry of the WO3 film electrode.
Close to stoichiometric WO3 thin films sputtered at 30 mTorr showed
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to be a promising electrode material with high efficiency. A maximum
IPCE was ≈ 90% for EE illumination on a WO3 film with thickness
d = 917 nm was observed around λ = 360 nm. The films sputtered at
10 mTorr had a lower efficiency due to "trap states" in the band gap,
which caused electron-hole recombination.

From the measured transmittance and reflectance of the WO3 thin
films and the substrate of FTO the optical absorption coefficient α of
the WO3 thin films were calculated. An approximated Eg was calcu-
lated from the demarcation energy which is the crossing point of the
interband absorption and the Urbach tail, see chapter 2.

With the cyclic voltammetry measurements (CV) the concentration
of electronic trap states was estimated. The concentration of those
states were shown to correlate with the concentration of oxygen va-
cancies. The average fraction of oxygen vacancies per formula unit of
WO3 was 5.0× 10−3 for the 10 mTorr samples and 1.0× 10−3 for the
30 mTorr samples. By using the equations for EE and SE illumination
(Papaer IV) expressing the spectral distribution of IPCEEE and IPCESE
action spectra could be modeled for different values of the depletion
layer width w, and the diffusion constant for the hole Lp. By compar-
ing of the model, and recorded action spectra it was found that a large
depletion layer width w in combination with a small, close to zero
diffusion constant Lp gave the best agreement between theory and ex-
periments.

6.7 optical comparison of wo3 and wo3−x

Optical results on oxygen vacancy states in the band gap are presented
in Paper V. The absorption in the NIR range seen in spectrophotome-
try measurements for sub-stoichiometric films with oxygen vacancies
was studied at several sputtering pressures between Ptot = 10 − 30
mTorr. The absorption could be be fitted to two Gaussian curves, de-
scribed above. In addition, photoluminescence (PL) spectroscopy was
used to analyze the WO3 thin film samples. The emission spectra were
corrected for the contribution from interference fringes by using a cor-
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rection "interference" function based on depth dependent absorption
and fluorescence emission, combined with reflections from two inter-
faces described by Fresnel’s equations. The spectra were then com-
pared with calculated band gap states [144].

The highest peak intensities in the emission spectra indicate the tran-
sitions over the band gap and was located at 2.91 eV for the 10 mTorr
sample and 2.86 eV for the samples sputtered at 30 mTorr. These values
are in good agreement with the estimates based on spectrophotometry
and the combined XAS and XES data, and can be compared with pre-
vious works for instance paper III.

The sample sputtered at 10 mTorr has two peaks at 2.07 and 2.30 eV,
which can be compared with calculated band gap states. The theoret-
ically calculated transitions are V0

o → V1+
o at 2.37 eV, V1+

o → V2+
o at

2.11 eV and V0
o → V2+

o at 2.24 eV. From the measured spectra of the
30 mTorr sample there is only one peak which can be compared to the
theoretical band gap states at 2.37 eV.

These values are consistent with the interpretation that the 10 mTorr
sample contains a higher concentration of O vacancies, and the PL
spectra show a richer contribution of various charge states.

6.8 silver and wo3

We know from previous projects that oxygen vacancies are present in
the WO3 thin film. The d-electron orbitals on adjacent cations can be
partially occupied. These reduced surface cations provide active sites
for much of the chemisorption and catalytic activity that takes place in
d transition-metal oxides. To enhance the catalytic activity noble metals
as Ag can be added with different methods into the transition metal
oxide or onto the surface, there are several reports on Ag mixtures
with transition metal oxides [69, 51].

With the aim of achieving improvements in catalytic activity a pre-
study was carried out; small amounts of Ag were added to the surface
layers, by using a W and a Ag target in the same time during sputter-
ing in O2 and Ar. Two different procedures were tried out; by mixing
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Ag and W at the same time and by sputtering a thin layer of Ag on top
of a WO3film.

The reason for these two approaches were; in the mixture case, it
might cause a hybridization of Ag4d and O2p bands changes energy
position of W5d-O2p in the WO3. The W5d orbital will shift over the
hydrogen potential when bands of the Ag4d and O 2p orbitals hy-
bridize [134]. It would also be interesting to look into the plasmon
effect from metallic nanoparticles on the surface and if there might
be an absorption in the visible range, which can enhance the effi-
ciency. Ag nanoparticles in the size of 10 nm have an extictioncoeffi-
cient with cross section 50 times larger than the geometrical section of
the nanoparticle [47]. Surface plasmons can amplify, concentrate and
manipulate light at the nanoscale, overcoming the diffraction limit of
traditional optics and increasing resolution and sensitivity of optical
probes [13].

Finally, Ag together with WO3 might change the CB and VB levels in
the thin film. Figure 44 shows the logarithmic absorption coefficient for
three different samples. One is a WO3 thin film doped with metallic Ag
nanoparticles. The XRD data showed an α-Ag2WO4 structure, which
might be mixed with small Ag nanoparticles. The other two samples
have a Ag nanolayer on the WO3 thin film surface sputtered for 30
and 60 seconds. The nanolayers of Ag were d ≈ 5 nm for the 30 sec
thin film and d ≈ 10 nm for the 60 sec thin film. The band gap was
determined by optical spectrophotometry and approximated using the
same method as described in section 2.2.2 from the Urbach tail, for the
sample with a Ag layer Eg = 2.64 eV.

The sample with metallic Ag nanoparticles in the WO3 thin film
has a much larger absorption in the visible range due to localized Ag
plasmon absorption centered at approximately 500− 600 nm. The two
overlapping contributions of absorption from the band edge and the
plasmon have to be deconvoluted to determine Eg more accurately.
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Figure 44: Nanocrystalline WO3 with Ag; Two samples (black and green line)
with a thin layer of Ag sputtered for 30 and 60 s and one sample
(brown line) with an admixture of Ag and WO3 during sputtering
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C O N C L U S I O N A N D O U T L O O K

In this PhD thesis nanocrystalline tungsten trioxide thin films pro-
duced by DC magnetron sputtering was studied. Sputtering is useful
when tailoring the physical properties of the WO3 thin film concerning
stoichiometry, growth direction and phases. In chapter 6 a summary of
teh different WO3 phases, which have been prepared in this project at
different deposition parameters is presented. The most common struc-
ture was room temperature monoclinic γ-WO3 phase which contain
a fraction of the low temperature ε-WO3 phase. Both of these struc-
tures are presented in papers I and II. The band gap Eg was shown to
be approximately the same in the nanocrystalline WO3 structures, re-
gardless of pressure and temperature during manufacturing, whereas
the optical interpretation of Eg is shown to be different, as can be seen
in papers I-IV.

The parameter that has been analyzed most is the Ptot dependence
which is employed during deposition of WO3 on the substrate in the
sputtering chamber. Low pressure in the sputtering chamber gener-
ates sub-stoichiometry, with oxygen vacancies in the WO3 thin film.
The sub-stoichiometry can be observed in spectrophotometry measure-
ments as an absorption in the near infrared spectrum (NIR). This ab-
sorption in NIR can be associated with the polaron interaction which
is described in chapter 3 and presented as a part of papers I-V.

The oxygen vacancies occur as localized states in the band gap. One
topic in this project was to understand the nature and position of these
states in the band gap. Samples with small amounts of oxygen vacan-
cies have been investigated. The WO3 thin films show two absorption
peaks in the NIR range where the samples sputtered at low pressure
have a much higher absorption. From the cyclic voltammetry (CV) dia-
gram the number of trap states were calculated and associated with the
oxygen vacancies. A correlation between NIR absorption and oxygen
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vacancy concentration determined from CV was established. These val-
ues could then be compared with the previously calculated oxygen
vacancies from NIR absorption and Li intercalated WO3 thin films.

The photocatalytic measurements showed that the WO3 thin films
are active and degrade stearic acid (StA) and octadecylamine (OctA)
on the surface. The molecule OctA with an amine anchoring group
shows a higher affinity to the surface than the StA with an acid car-
boxyl achoring group. The higher adsorption of OctA indicates that
the NH2 molecules are more favored and might be due to a more acid
surface of WO3, described in chapter 5 and paper I.

The action spectra from the photoelectrochemical three electrode sys-
tem showed that the photons to electrons conversion was highly effec-
tive in samples sputtered at high pressure with low sub-stoichiometry.
These results explained in paper IV and chapter 5 conclude that the
charge transport in WO3 thin films can be very effective even if the
porosity is low. Films sputtered at low pressure and higher
sub-stoichiometry had lower efficiency and it was inferred the band
gap states acted as recombination centers for these films.

This PhD study shows that WO3 can be fabricated with different
grain shapes, growth directions and structure phases just by small
changes in the sputter parameters. It is photocatalytically active, even
with visible light illumination, and showed promising charge transport
properties. The absorption in NIR and the knowledge of the band gap
states in sub-stoichiometric WO3thin films can be used to tailormake
an absorber for the near infrared spectrum.

A further outlook into the future in more general terms would in-
clude research on combined concepts with photocatalysis, water split-
ting, electrochromism for several purposes useful for human consump-
tion and sustainability.
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S U M M A RY I N S W E D I S H

Det här doktorandprojektet har handlat om tunna filmer av nano-
kristallin wolframtrioxid. Framförallt har det varit en strukturell, op-
tisk och elektronisk bestämmning av filmerna samt en förberedande
undersökning om dess fotokatalytiska och fotoelektrokemiska aktivitet.
Ett bakomliggande mål med arbetet är en renare miljö både inomhus
och utomhus.

Resan börjar med att filmerna tillverkas med något som kallas DC
magnetron sputter. Där DC står för direkt ström och magnetron är
en enkel apparatur som genererar microvågor, i det här fallet vid hög
spänning. Att sputtra är en fysikalisk teknik i den bemärkelsen att
joner accelereras mot ett mål bestående av det ämne man vill belägga.
Atomer skjuts bort från ämnet och deponeras sedan på substrat som
roterar på botten av sputterkammaren och det bildas en tunn film. Vid
tillverkning av metalloxider behövs det syre i kammaren och även ar-
gon som joniseras i ett högt spänningsfält i närheten av magnetronerna.
Detta fält har så hög spänning att det bildas plasma.

När filmerna är tillverkade under olika parametrar som tryck, tem-
peratur och syre flöde startar det analytiska arbetet med att förstå
egenskaperna hos filmerna. Kristallina filmer till skillnad från amorfa
tillverkas alltid under högre temperatur för att kristalliseringen ska ske.
När det gäller wolframtrioxid (WO3) är det vid ca 300o C. I kristallin
WO3 kan atomerna sitta på en mängd olika ordnade sätt i förhållande
till varandra, dessa olika faser är förknippade med olika temperatur
intervall och kornstorlek. Den vanligaste strukturen är monoklinisk
γ-WO3 fas som existerar vid rumstemperatur. Det är den fas som
har varit vanligast hos de tillverkade proverna. Däremot ha de haft
varierande tillväxtriktning beroende på trycket vid sputtring. Det har
också funnits inslag av en lågtemperatur monoklinisk ε-WO3 fas i en-
del av proverna. I kapitel 6 beskrivs några andra strukturer som har
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dykt upp under arbetets gång. Exempelvis bidades en hexagonal struk-
tur, blandad med en annan struktur som var omöjlig att säkerställa, på
prover som sputtrades i rumstemperatur och sedan efteråt värmdes i
500o C i två timmar. Med elektronmicroskopi (SEM) har genomskärn-
ing på provet undersökts. Filmen har vuxit på ett stavliknande sätt
som är typiskt för hexagonala strukturer.

Genom optiska spektroskopiska metoder fås en approximativ
bestämning av bandgapet Eg på halvledaren WO3. Oberoende av tryck
och temperatur vid tillverkningen, har storleken på Eg motsvarat en
energi på fotoner av ungefär samma våglängd 470 nm (2.64 eV). Skill-
naden har mer legat i vilka modeller som använts för att approximera
bandgapet Eg. Det beskrivs delvis i optik avsnittet i kapitel 2 samt
diskuteras i de första tre artiklarna. I artikel II beräknas bandgapet
från optiska data med en modell som resulterar i ett bandgap på 3.1
eV. Det teoretiskt beräknade direkta bandgapet låg vid ca 3.1 eV och
står också beskrivet i artikel II.

Ett annat område som har undersökts mer ingående är i närheten av
det infraröda (NIR) spektrumet ungefär 800− 2200 nm. När filmerna
har tillverkats under låga tryck förekommer det syrevakanser i filmen.
De optiskt synliga elektronövergångar som finns vid eller i närheten
av en syrevakans syns som en absorption i NIR vid till exempel en
spectrofotometri mätning. En syrevakans bildar lokala bandgapstill-
stånd. Mycket forskningsarbete under det här doktorandprojektet har
gått åt till att försöka förstå var de lokala tillstånden är placerade en-
ergimässing i bandgapet. Om de ligger nära valensbandet eller nära
ledningsbandet. I de tre sista artiklarna finns diskussioner kring de
lokala tillstånden och det är med som en del av undersökningen. De
tekniker som användes var röntgen spektroskopi, fotoluminescence
och fotoelektrokemi. Sammanfattningsvis kan man nog säga att vi är
de lokala tillstånden på spåren och har nu en ganska klar bild av var de
är placerade i energi. Det behövs bara tänkas till i vilken experimentell
utrustning de blir synliga och vilken typ av övergång det handlar om.

Angående mätningarna som är kopplade till belysning och aktivitet
är de sammanfattande resultaten följande. De tunna filmerna av wol-
framtrioxid är fotokatalytiskt aktiva och börjar bli det vid ungefär 2.7
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eV. Molekyler med en basisk bindning fäster mer till WO3 ytan än
en sur bindningsmolekyl om allt i övrigt är lika. Det kan tyda på en
något sur yta. Filmerna bör ha högre ytarea än de prover som under-
sökts i det här projektet. De behöver alltså bli mer porösa för att öka
sin adsorption av molekyler på ytan och därmed öka den totala effek-
tiviteten.

I en fotoelektrokemisk uppställningen gjordes cyklovoltametri (CV)
mätningar under belysning. Från CV diagrammen kunde antalet syre-
vakanser i hela bandgapet beräknas. Det gjordes också effektivitets
mätningar där kvoten mellan antalet elektroner och fotoner i belysnin-
gen per våglängd beräknades. Det visade sig att prover sputtrade
vid högt tryck och med få syrevakanser var mycket effektiva med
ett utbyte som låg på ungefär 90%. Prover med större mängd syre-
vakanser fungerade sämre och de lokala tillstånden fungerade som
rekombinations centra under laddningstransporten. Ungefär här slu-
tar det femåriga projektet och därmed den här resan.
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