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Abstract
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The increasing demand for renewable energy has led to substantial research on different solar
cell technologies. The dye-sensitized solar cell (DSC) is a technology utilizing dye molecules
for light absorption. Dye molecules are adsorbed to a mesoporous semiconductor surface and
after light absorption in the dye, charge separation occurs at this interface. Traditionally, DSCs
have used layers of single dye species, but in recent efforts to enhance power conversion
efficiency, more complex molecular layers have been designed to increase the light absorption.
For example, the most efficient DSCs use a combination of two dye molecules, and such dye
co-adsorption is studied in this thesis.

A key to highly efficient DSCs is to understand the dye/semiconductor interface from a
molecular perspective. One way of gaining this understanding is by using an element specific,
surface sensitive technique, such as photoelectron spectroscopy (PES).

In this thesis, PES is used to understand new complex dye/semiconductor interfaces. Dyes
adsorbed to semiconductor surfaces are analyzed using PES in terms of geometric and electronic
surface structure.  The investigations ultimately target the effects of co-adsorbing dyes with
other dyes or co-adsorbents.

PES shows that Ru dyes can adsorb in mixed configurations to TiO2. Co-adsorption with an
organic dye affects the configuration of the Ru dyes. As a consequence, shifts in energy level
alignment and increased dye coverage are observed. The dyes are affected at a molecular level
in ways beneficial for solar cell performance. This is called collaborative sensitization and is
also observed in todays most efficient DSC.

Dye molecules are generally sensitive to high temperatures and the substantial decrease in
power conversion efficiency after heat-treatment can be understood using PES. Furthermore,
comparing two mesoscopic TiO2 morphologies used in DSCs show differences in trap state
density in the band gap, explaining the photovoltage difference in DSCs comprising these
morphologies. Using mixed molecular layers on NiO results in significant improvements of
p-type DSC power conversion efficiency. PES shows that changed adsorption configuration
contribute to this effect.

This thesis shows that PES studies can be used to obtain insight into functional properties of
complex DSC interfaces at a molecular level.
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1. Introduction

1.1 Global energy production
The use of energy steadily increases globally and fossil fuels are dominating
the energy production which leads to an increased emission of greenhouse
gases (mostly CO2). The worldwide stock of fossil fuels steadily decreases,
so there is a large demand to increase the production of renewable energy.
There are a number of sources of renewable energy as: hydro, wind, bio, solar
and geothermal power. Globally, 24 % of the electricity production came from
renewable energy sources in the end of 2015 [1]. Hydropower has the largest
share of the renewable electricity production, followed by wind, bio, solar and
geothermal power.

A solar cell, or a photovoltaic (PV) device, can convert solar irradiation into
electricity. The energy emitted by the sun reaching Earth is about 1.7x105 TW
out of which around 600 TW is estimated to be available for use, when ac-
counting for reflections and the land area of the Earth [2]. The global energy
consumption is around 15 TW as a comparison. Thus, the possibilities for
renewable energy production by means of PV devices are great. A rough cal-
culation reveals that if 0.1 % of the surface of the Earth was covered with
solar cells having a 10 % power conversion efficiency, the global energy needs
would be fulfilled [3].

In Sweden, the situation is very different from the average numbers pre-
sented above. Hydropower and nuclear power stand for over 40 % of the elec-
tricity production each and wind power 7 % [4]. Thus, the emission of CO2
from the production of electricity is much lower in Sweden compared to the
global average. Solar power has only 0.06 % of the total electricity production
[4, 5]. However, 36 MW of solar power was installed in 2014 meaning that for
the fourth consecutive year, the solar cell market in Sweden doubled in size
[5].

The numbers given above focus on the production of electricity. The trans-
port sector is a large consumer of energy, predominantly from fossil fuels. The
interest for electrically powered vehicles is growing and with that comes the
demand for even more renewable energy to charge the batteries of the vehicles.

1.2 Solar cells
As already mentioned, the sun provides enormous amounts of energy for the
Earth and a sustainable way to harvest part of that energy is through the use of
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solar cells. A solar cell is a device capable of directly converting sunlight into
electricity by means of light absorption and charge separation. After manufac-
turing, the only thing needed for production of electricity is sunlight, which
leaves no rest products behind. The first report of a solar cell with decent
power conversion efficiency came in 1954 and it was achieved in a silicon
based cell [6]. Since then, a lot of research has been done on different semi-
conductor materials, such as Si, GaAs, CdTe, CIGS (Copper Indium Gallium
Selenide) and CZTS (Copper Zinc Tin Sulfide). Silicon can give solar cells
with a power conversion efficiency around 25 %, but they are expensive to
produce, whereas the others are not as efficient and cheaper to produce. How-
ever, some of the constituents of the above mentioned semiconductors exist
in very limited amounts on Earth, so there is an interest in other solar cell
technologies not using them.

During the last 25 years, alternative techniques have emerged to take up
the competition. Some competitors are based on organic molecules or dye
molecules. These new technologies have lower production costs than the crys-
talline semiconductors and they are generally made from abundant materials.
One of these technologies is the dye-sensitized solar cell (DSC) which has
gained a lot of research interest since 1991, when the first breakthrough was
reported [7]. The photoactive component in a DSC is a mesoporous semi-
conductor electrode which is sensitized by dye molecules for light absorption.
This thesis concerns the understanding of DSC interfaces and the DSC will be
described in more detail in Chapter 2.

The power conversion efficiency of a solar cell depends on its ability to ab-
sorb incoming photons, i.e. it depends on the overlap between the absorption
spectrum of the solar cell and the spectrum of the light source. For outdoor
use, the light source is the sun and therefore it is important to find absorbers
that efficiently overlap with the solar spectrum. The semiconductor materi-
als mentioned above have a high light absorption in the red part of the visible
spectrum, where a large part of the outdoor solar spectrum is also found. How-
ever, indoor applications may also be an important area for use of solar cells in
the future. For indoor use, the most common light source is fluorescent lamps,
having a significant part of the spectrum at shorter wavelengths, where e.g. Si
absorbs poorly. DSCs have a tuneable (by choice of dye) spectral response
making them a good candidate for indoor applications. Moreover, the average
indoor lighting levels are 2-3 orders of magnitude lower than outdoor condi-
tions. Studies have shown that DSCs outperform other kinds of solar cells in
indoor conditions [8]. Furthermore, DSCs are cheap to produce compared to
other kinds of solar cells and they can be prepared on flexible substrates in
various shapes. This makes them ideal for integration in consumer products
for indoor use, e.g. chargers for electric devices like smart phones, tablets and
laptops.

The most efficient DSCs of today comprise a mixture of two dyes on a TiO2
surface as the photoactive part of the solar cell [9]. To increase the power
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conversion efficiency of the cell, the dyes have been chosen to have comple-
mentary light absorption properties, i.e. their absorption spectra are shifted
in wavelength relative to each other. Such a complex system could produce
high efficiency solar cells, but the knowledge on how multiple dyes (or dyes
with co-adsorbents) affect each other from a molecular point of view (in terms
of dye coverage, adsorption configuration and energy level alignment) is lim-
ited. These parameters are of great importance for the function of the DSC,
and investigations of them are beneficial for the future development of highly
efficient DSCs.

1.3 This thesis
To be able to produce DSCs with high power conversion efficiencies, detailed
knowledge of the components in the cell is a necessity. The photoactive part of
a DSC is a semiconductor film with dye molecules adsorbed to it. Charge sepa-
ration is realized at this interface. It is therefore crucial to understand the prop-
erties, e.g. dye coverage, adsorption configuration of the dye molecules and
energy level alignment between dye and semiconductor, of the interface. To be
able to gain this understanding experimentally, an element specific technique
capable of detecting small chemical changes at material interfaces is bene-
ficial. In this thesis, photoelectron spectroscopy (PES) (described in Chap-
ter 3.1) has been used as a tool with these capabilities. The goal with the work
presented here has been to explore how this technique can be used to increase
the understanding of complex interfaces between dye and mesoscopic oxides
recently developed for use in efficient DSCs.

Thin mesoporous semiconductor films sensitized with one dye have been
investigated by means of PES for quite some time and there is a large amount
of information available. Lately, the most efficient DSCs use multiple dyes co-
adsorbed to the semiconductor. Interfaces of this kind are not as well studied,
but they are highly interesting due to the power conversion efficiency of the
DSCs. By increasing the number of dyes also the complexity of the system
increases. In this thesis, PES has been used to get a fundamental understanding
of what happens when multiple dyes are used as well as when co-adsorbents
are present in the molecular layer.

This thesis contains studies using TiO2 as semiconductor substrate, both in
its most common mesoscopic morphology for DSCs as well as a morphology
that has shown great promise for the use in solid state DSCs, as well as studies
using NiO as a substrate. Dye molecules with small differences in chemical
structures are studied to deduce the effect of the subtle changes in structure.
The thesis also contains studies of dye molecules subjected to elevated tem-
peratures, which is important to have knowledge of both during manufactur-
ing and in operation. Furthermore, there are studies of mixed molecular layers
(dye/dye and dye/co-adsorbent), both on TiO2 and NiO included in the thesis.
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In the mixed dye/dye samples, the dye molecules affect each other at a molec-
ular level in ways that are beneficial for the function of the DSC. This kind of
interaction is known as a collaborative sensitization process.

1.3.1 Outline of the thesis
Chapter 2 describes the dye-sensitized solar cell and the parts it is made from.
In Chapter 3, the main technique used, photoelectron spectroscopy, is intro-
duced together with some basic solar cell characterization tools and sample
preparations. Chapter 4 summarizes the results obtained and Chapter 5 gives
an outlook towards the future. The thesis is then concluded with a popular
scientific summary in Swedish in Chapter 6 and acknowledgements in Chap-
ter 7.
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2. Dye-sensitized solar cells

Dye-sensitized solar cells (DSCs) are based on a simple general structure.
They have a working electrode consisting of conducting glass (usually FTO or
ITO) covered by a mesoporous semiconductor film sensitized by dye molecules
for light absorption. The mesoporous structure enhances the surface area ap-
proximately by a factor 1000 (for a 10 µm thick film) [7, 10], enabling higher
dye loading and consequently, higher light absorption. The semiconductor can
be n-type or p-type and the basics of both will be described in this chapter. In
contact with the working electrode is a hole transporting material, which can
be a liquid electrolyte with a redox mediator or a solid state hole conductor.
DSCs also have a counter electrode, which in liquid DSCs consist of conduct-
ing glass covered with a catalyst, most commonly platinum or carbon based.
For solid state devices, the counter electrode is a thin layer of metal evaporated
onto the hole conductor.

The story of the DSC started with low efficiency solar cells based on flat
semiconductor surfaces and during the 1970s-1980s the first papers head-
ing towards the DSC we know today were published [11–13]. The paper of
O’Regan and Grätzel in 1991 [7] was the first report utilizing a mesoporous
semiconductor substrate with a power conversion efficiency of 7-8 %. From
this point the evolution in the DSC field lifted off and since then, a lot of work
has been carried out in the field [10, 14–16] and the highest power conver-
sion efficiencies today reach 12 %, using a single dye as sensitizer [17, 18].
Co-adsorbing several dyes with complementary light absorption properties to
the semiconductor structure has been tried for quite some time, without real
success [10]. Lately, with the implementation of new dye structures and redox
couples, as will be discussed later, the power conversion efficiency has been
improved [19–22]. The highest power conversion efficiency of a DSC today is
14 % [9], which is obtained in a system comprising two dyes. During the last
few years, perovskite materials and quantum dots have successfully been im-
plemented as light absorbers. Power conversion efficiencies exceeding 22 %
are realized using perovskites, whereas quantum dots give around 11 % [23].
This thesis focuses mainly on traditional DSCs.

2.1 Materials
This section will give an introduction to the main components of a DSC as
mentioned above; the semiconductor, the dye and lastly the electrolyte and its
redox active components.
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2.1.1 The semiconductor
The electrons in an atom are represented by their orbital structure. Different
elements have a unique distribution of electrons, and when atoms are brought
together their orbitals will overlap and interact with each other. If the orbital
overlap is large and the orbital energies are similar, the interaction is strong. As
a consequence of this, new molecular orbitals (MOs) with different energies
will be formed. Increasing the size of the molecule (bringing more atoms
together) leads to an increase in the complexity and consequently the number
of MOs. A higher number of MOs means that the separation in energy between
the MOs will be lower.

When going to solid crystals, e.g. semiconductors, metals or insulators,
they can be regarded as very large molecules with periodic structure of inter-
acting orbitals. In this picture, the number of MOs will be enormous and they
will be so closely spaced in energy that they form energy bands that are char-
acterized by the density of states (DOS), i.e. the number of available states
per unit energy. This is true both for occupied and unoccupied states and the
bands are referred to as the valence (VB) and conduction bands (CB) respec-
tively, as schematically illustrated in Figure 2.1. In the case of metals, the top
band would be partially filled with electrons. The energy at which the highest
occupied electronic state is found is referred to as the Fermi level (EF ), which
can also be called the electrochemical potential (µ). For semiconductors and
insulators on the other hand, the VB and CB are separated by a gap in energy,
the band gap (Eg). The difference between a semiconductor and an insulator
is the size of the band gap, where in semiconductors thermal excitations of
electrons from VB to CB is possible, while they are much less probable in
insulators.

The conductivity of a semiconductor is dependent on the concentration of
charge carriers (electrons in CB and holes in VB). In the ground state at 0 K,
the VB is filled and the CB is empty, meaning that no charge carriers exist. In
order to have conductivity, excitations of charge carriers are necessary. The
concentration of charge carriers is given by the Fermi-Dirac distribution [24,
25]. From the distribution, the Fermi level is defined as the energy where the
probability of finding an occupied energy level is exactly one half. In the case
of an undoped (intrinsic) semiconductor, the Fermi level is found in the middle
of the band gap (at 0 K), as shown in Figure 2.1(a). The energy at which an
electron is regarded to have left the material is called the vacuum level (Evac).
The energy difference between the vacuum level and the Fermi level is known
as the work function of the material (φ ), as shown in Figure 2.1 and discussed
in Chapter 3.1.1.

Adding defects or impurities to the semiconductor lattice will break the pe-
riodicity of the crystal and thereby perturb the energy levels, which might have
vast consequences on the properties of the semiconductor. If doing this in a
controlled way it is called doping. Adding extra occupied energy levels close
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Figure 2.1. Schematic illustration of the band structure in semiconductors. CB is the
conduction band (with the edge at EC) and VB is the valence band (with the edge at
EV ) separated by the band gap (Eg). EF is the Fermi level, Evac is the vacuum level
and φ is the work function, i.e. the energy difference between them. (a) shows an ideal
undoped semiconductor while (b) and (c) show n-doped and p-doped semiconductors
respectively.

to the conduction band edge leads to donations of electrons to the CB. This
is known as n-doping (giving an n-type semiconductor) and causes the Fermi
level to shift closer to the CB edge, as shown in Figure 2.1(b). Consequently,
extra unoccupied energy levels close to the valence band edge will accept elec-
trons from the VB increasing the density of holes in the VB. This shifts the
Fermi level closer to the VB edge and is known as p-doping (giving p-type
semiconductors), as shown in Figure 2.1(c).

The by far most used semiconductor in n-type DSCs is TiO2, but others like
ZnO, SnO2 and Nb2O5 as well as various semiconductor core-shell structures
have also been used [3, 10, 26–30]. For p-type DSCs, most of the work is
carried out using NiO as semiconductor substrate. In the work presented in
this thesis, the n-type semiconductor TiO2 has been used in Paper I-V and the
p-type NiO in Paper VI.

TiO2 is one of the most studied oxide semiconductors, mostly since it is
very stable in a variety of conditions. The most common crystal structures are
rutile and anatase and the TiO2 pastes used to prepare TiO2 electrodes for the
work presented here consist of anatase nanoparticles. Anatase TiO2 has a band
gap of 3.2 eV and the Ti atoms in TiO2 are found in a Ti4+ state, leaving the
3d orbital empty. Therefore, the conduction band of TiO2 has predominantly
a Ti3d character and the valence band O2p character [31]. TiO2 is an n-type
semiconductor since a deficiency in oxygen leaves an excess of electrons in
the CB.
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NiO is the most commonly used p-type semiconductor for DSCs and has
also been studied for a long time due to its stability and versatility [32]. Ni
in its atomic ground state has a 4s23d8 electronic configuration. In NiO, Ni
atoms are found in a Ni2+ state. An excess of oxygen however causes some
of the Ni2+ to oxidize into Ni3+, leaving behind empty electronic states close
to the valence band edge [33–35], leading to it being a p-type semiconductor.
The VB of NiO consist predominantly of a hybrydization of Ni3d and O2p,
whereas the CB is dominated by Ni3d character [36–38]. NiO has a band gap
of around 3.5-4.0 eV, making it a good candidate for use in p-type DSCs as
well as substrate for catalysing solar fuel production.

2.1.2 The dye
There are many kinds of dye molecules used for DSCs [10]. They can be
grouped into families from their chemical structures. Even though the dye
families can have very different structures, all kinds of dyes share some im-
portant parts and characteristics, i.e. anchoring group (for adsorption to the
semiconductor surface) and energy levels that ideally should match the light
source (in terms of the light absorption spectrum of the dye matching the
emission spectrum of the light source) and the different materials used in the
complete DSC. The most frequently used anchoring group is carboxylic acid
(-COOH), but also other ones are used, e.g. phosphonic acid (-PO(OH)2)
[10]. All dyes and adsorbents presented in this thesis utilize carboxylic acid
anchoring groups, except DPA, used in Paper III, which has a phosphonic acid
anchoring group.

For a basic description of the function of a DSC, important energy levels of
a dye molecule are the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), as discussed in Chapter 2.2. Spectro-
scopically, information on the HOMO level can be gained from e.g. PES and
electrochemical measurements, whereas the LUMO can be studied by X-ray
absorption (see Chapter 3.1.8). The energy difference between the HOMO and
LUMO levels can be studied using UV-vis spectroscopy (see Chapter 3.2.1).

The work presented in this thesis is based on dye molecules from two fre-
quently used, well studied dye families; organic triarylamine (TAA) based
dyes and metal-organic dyes based on Ru. These families are described in the
following sections.

2.1.2.1 Sensitization of the semiconductor surface
Adsorption is the process in which a species (adsorbate) binds to a surface
(substrate). Typically one differs between physisorption and chemisorption,
depending on which type of interaction is responsible for the adsorption. An
adsorbate is physisorbed when it interacts with the substrate via electrostatic
or van der Waals’ forces and is thereby held in place. This is generally a weak
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interaction between adsorbate and substrate. On the contrary, chemisorption
is often a strong interaction through overlapping electronic orbitals from ad-
sorbate and substrate, leading to the formation of a chemical bond. The inter-
action is of covalent or ionic type. More general details are found in various
textbooks [39, 40]. In the context of this thesis, the process of adsorption refers
to the binding, i.e. chemisorption, of dye molecules and co-adsorbents to TiO2
or NiO electrodes. In order for a dye molecule or co-adsorbent to chemisorb to
the semiconductor surface, an anchoring group is a necessity in the chemical
structure. Upon such adsorption using carboxylic acid anchoring groups, the
proton is removed from the anchoring group of the adsorbate, which instead
binds to the metal atoms (Ti or Ni) in the semiconductor. A brief introduction
to some commonly used adsorption models will be given below.

When adsorbing dye molecules from solution, the adsorption process is
thermodynamically described as an equilibrium between free (solvated) and
adsorbed species. When studying adsorption of different species, an adsorp-
tion isotherm is used to illustrate the adsorption behaviour. An adsorption
isotherm is often represented as the surface concentration (coverage) of ad-
sorbed species as a function of the concentration of free species (i.e. the bulk
concentration in solution), at a given constant temperature. A mathematical
model based on the shape of the isotherm can be used to characterize the ad-
sorption mechanism of the studied species. There is a large number of models
developed to cover all kinds of adsorption behaviour.

A model that is well-known and simple is the Langmuir model [24, 40–
42]. This is an idealistic model that assumes that all adsorption sites of the
substrate are equal, that no interaction takes place between adsorbates and that
the maximum coverage possible is a monolayer. To account for more complex
situations, e.g. interactions between adsorbates, models accounting for more
than monolayer coverage need to be used [24, 41, 43–45].

Based on the discussion above, it is easy to understand that the formation
of a dye-sensitized surface can be very complex depending on e.g. solubil-
ity, adsorption energy, adsorption sites and intermolecular interactions. When
forming mixed molecular layers, the complexity increases even more. Paper I-
IV address these structures, where Paper III and IV in particular highlight the
effects of mixing.

2.1.2.2 Organic TAA dyes
There are today many different organic dye molecules from various dye fam-
ilies that provide highly efficient DSCs [10, 46–50]. In this thesis, organic
dyes comprising a TAA unit have been used, as previously mentioned. The
dye molecules D35 [51], D45 [52] and LEG4 [53, 54] (see Figure 4.1 in Chap-
ter 4) are all based on TAA and stem from the well studied D5 dye [55]. These
dyes have a donor- π linker- acceptor architecture (D-π-A), which is illus-
trated in Figure 2.2; schematically in (a) and illustrated on the D5 molecule
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in (b). Adsorption to a semiconductor surface is done via the anchoring group,
which consequently is a part of the acceptor unit.

AcceptorLinkerDonor Anchor

Donor AcceptorLinker

Anchor

(a) (b)

N

S

COOH

CN

Figure 2.2. Schematic illustration of the donor - π linker - acceptor dye architecture for
use in n-type DSCs in (a). The position of the anchoring group is on the acceptor unit
and the overlap indicates that the anchoring group itself can be a part of the acceptor
unit. (b) illustrates the architecture applied on the D5 dye.

The D-π-A dye architecture is used for distinguishing between different
parts of the molecules. This separation facilitates easy modifications of the
dye molecules by modifying one of the three parts, which allows for tuning of
the properties of the dye. The HOMO level of these dye molecules is mainly
located on the TAA part of the dyes with some contribution from the ligands
attached to it [48, 51, 55–57]. Thus, the TAA with the ligands constitute the
donor part of the molecules. The LUMO should be centered away from the
HOMO, on the acceptor. In between the donor and acceptor parts, a π conju-
gated linker is found. The linker should facilitate charge transfer from HOMO
to LUMO and inhibit charge recombination simultaneously. By changing the
donor part of the molecule, the HOMO properties can be altered. The linker
unit can be altered, e.g. in length, to tune the optical properties of the dye
molecule [46, 48, 50, 55]. To modify the LUMO, changes can be done to the
acceptor part.

2.1.2.3 Metal-organic Ru-based dyes
Ru-based dye molecules have been used as sensitizers for DSCs for a long
time. Traditionally and still, Ru-based dyes give DSCs with high power con-
version efficiencies [10, 46, 47, 58–62]. Traditionally, this dye family has a
Ru center to which the ligands are coordinated. Usually the Ru center is con-
nected to thiocyanate (NCS) and bipyridine/terpyridine ligands on which the
anchoring groups and other ligands are situated. The Ru-based metal-organic
dye molecules K77 [63], Z907 [64] and BD [59] are shown in Figure 4.2 in
Chapter 4 together with the co-adsorbent DPA used with Z907 in Paper III.
Most Ru-based dyes have the HOMO level predominantly located on the Ru
atom with contributions from the NCS ligands, and it has a Ru4d character
[65–67]. The LUMO of similar Ru-based dyes has previously been shown
to be located on the bipyridine/terpyridine ligands [68, 69]. The HOMO and
LUMO are schematically shown on the BD molecule in Figure 2.3. Excitation
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of electrons from HOMO to LUMO is facilitated via metal to ligand charge
transfer (MLCT). The carboxylic acid anchoring groups are situated on the
bipyridine/terpyridine ligands, so when an electron is excited to the LUMO it
is spatially close to the semiconductor surface facilitating fast electron injec-
tion into the CB of the semiconductor.

N

N

COO-

-OOC

N

Ru

NCS

NCS

NCS

-OOCTBA+

TBA+

TBA+

N

N

COO-

-OOC

N

Ru

NCS

NCS

NCS

-OOCTBA+

TBA+

TBA+

HOMO LUMO

Figure 2.3. Schematic illustration of spatial HOMO and LUMO positions of a Ru-
based dye with BD as an example. Figure adapted and modified from reference [70].

2.1.2.4 Dyes for p-type DSCs
In a p-type DSC, as schematically illustrated in Figure 2.6, photon absorption
of the dye, often described by electron excitation from HOMO to LUMO of
the dye, is followed by the injection of a hole from the dye into the VB of
the semiconductor. The reduced dye molecule is then regenerated by electron
transfer from the LUMO level of the dye to the redox couple. The chemical
structure of a porphyrin based dye used in Paper VI is shown in Figure 4.3 in
Chapter 4, together with a fullerene derivative used as a co-adsorbent. Since a
p-type DSC operates "in reverse" to its n-type counterpart, the dye molecules
used need to be designed differently. To facilitate hole injection into the semi-
conductor, the anchoring group of p-type dyes should be located on the donor
part of the molecule, as schematically illustrated for a D-π-A dye for use in a
p-type DSC in Figure 2.4.

Acceptor Linker Donor Anchor

Figure 2.4. Schematic illustration of the donor - π linker - acceptor dye architecture
for use in p-type DSCs. The position of the anchoring group is on the donor unit and
the overlap indicates that the anchoring group itself can be a part of the donor unit.

2.1.2.5 The role of co-adsorbents in DSCs
Most co-adsorbents used in DSCs don’t absorb any light, i.e. they will not
directly contribute to the performance of the DSC. The co-adsorbent is added
to modify the properties of the photoactive (dye) layer, thereby ultimately im-
proving the power conversion efficiency of the DSC. The modifications can be
e.g. to minimize dye-dye interactions on the surface, reduce dye aggregation,
modifications of the energy level alignment in the DSC or passivation of trap
states in the semiconductor.
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2.1.3 The electrolyte
A majority of the papers this thesis is built upon deals with "traditional" DSCs,
i.e. DSCs comprising liquid electrolytes. A solid state hole conductor works
similarly as an electrolyte (information on the most commonly used hole con-
ductor, spiro-OMeTAD can be found elsewhere [10, 71]). The discussion in
this section will be based on liquid electrolytes.

A liquid electrolyte generally consists of a redox couple (together with ad-
ditives) in a solvent. For the function of a DSC, the redox potential of the
redox couple is the level of importance. It should be higher in energy than the
accepting level of the dye in order to have a driving force for dye regeneration.
At the same time, it should not be too high in energy since more voltage than
necessary will be lost from the DSC output. The most used redox couple is
iodide/triiodide (I−/I−3 ), which was used in the DSC breakthrough paper by
O’Regan and Grätzel in 1991 [7]. I−/I−3 has since then been successfully used
in DSCs yielding high power conversion efficiencies [9, 10, 72]. The success
of this redox couple has been ascribed to its slow recombination with electrons
from TiO2, which in turn probably depends on the fact that multiple electron
transfers take place during each redox cycle [10, 73, 74]. There are also some
disadvantages with I−/I−3 , the main ones being: the highly negative redox po-
tential limiting the voltage output of the DSC, it is coloured making it compete
with the dye for light absorption, and its highly corrosive nature, which is ca-
pable of corroding most metals [75–77]. These drawbacks of the I−/I−3 redox
couple started the search for alternatives. A number of different redox couples
have been tried [10], but one of the first really successful competitors to I−/I−3
were cobalt complex based redox couples in combination with a new dye de-
sign in 2010 and 2011 [17, 49]. The most efficient DSC as of today utilizes a
cobalt complex based redox couple in combination with two co-adsorbed dyes
[9].

2.2 Working principle and materials used in n-type
DSCs

As mentioned earlier, a DSC has three main components: working electrode,
counter electrode and a hole transporting material. In Figure 2.5, a schematic
illustration of a DSC based on the n-type semiconductor TiO2 is shown. The
dye molecule is illustrated by two energy levels, D/D+ and D∗/D+. D/D+

describes the potential for oxidation of the dye and is related to the highest
occupied molecular orbital (HOMO) energy of the dye molecule. In the mea-
surements presented in this thesis, the properties of the HOMO level will be
addressed by PES. In a PES measurement, electrons are emitted quickly from
the sample. Thus, the bonds in the molecule will not have time to relax be-
fore the electron leaves. On the contrary, electrochemical measurements are

22



performed in solution, where relaxation of the bonds occur during the mea-
surement. The experimentally obtained values can be compared to theoretical
density functional theory (DFT) calculations. In a similar way, D∗/D+ is re-
lated to the lowest unoccupied molecular orbital (LUMO) of the dye.

The arrows in Figure 2.5 indicate electron transfer reactions and the num-
bers given in the figure are used in the text. When a DSC is illuminated, a
photon is absorbed and an electron in the dye molecule is excited from from
the ground state (D) to an excited state (D∗) of the dye molecule, process (1) in
the figure. The energy needed for this excitation should be in the visible light
regime. After excitation, the electron is injected into the conduction band (CB)
of the semiconductor, leaving the dye in an oxidized state (D+) (2). The dye
molecule is thereafter reduced by the redox mediator (Eredox) (3). Electrons
injected into TiO2 diffuse through the mesoporous structure to the back con-
tact, where they are collected and transferred to an external circuit to perform
electrical work. After that, the electrons are returned to the redox mediator via
the counter electrode and the redox couple is reduced.

There are also back-electron transfer reactions that should be avoided. The
main ones are: relaxation within the dye molecule (4), recombination of the
injected electron to the dye molecule (5) and recombination to the redox me-
diator (6).

E
redox

D*/D+
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3.

4.

5.

6.

Load

hν

D/D+

Figure 2.5. Schematic illustration of an n-type DSC. Solid arrows mark the electron
transfer under illumination, whereas the dashed arrows indicate back-electron transfer
limiting the overall performance of the cell.

The function of a DSC is heavily dependent on the kinetics in the system
and the time scales at which electron transfer occur are of great importance.
The time scales associated with the electron transfer reactions are [10, 78, 79]:

(2) fs - ps
(3) µs
(4) ns
(5) µs - ms
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(6) µs
while photon absorption and subsequent electron excitation (1) is regarded to
be instantaneous.

In order to drive electrons in the desired direction in the DSC, some driv-
ing force is necessary. The potential difference between D∗/D+ of the dye
and the conduction band edge of the semiconductor gives a driving force that
determines the rate of electron injection into the TiO2, whereas the potential
difference between the redox potential of the redox mediator and D/D+ of the
dye gives a driving force for the rate of regeneration of the dye. The maximal
theoretical photovoltage a DSC can provide is set by the potential difference
between the Fermi level of electrons in the TiO2 and the redox potential of
the redox mediator at the counter electrode during operation. This is in reality
lowered by resistance in the cell. The photocurrent is limited by the light har-
vesting efficiency, the injection efficiency, the regeneration efficiency and the
charge collection efficiency, as seen in Equation 3.10.

Some factors influencing the above and thus affecting the photovoltage and
photocurrent from the DSC are the coverage of the dye molecules on the semi-
conductor surface, the stoichiometry of the adsorbed dye molecules, the en-
ergy level alignment between the components of the DSC and the electronic
structure of the dye molecules. All these factors have been studied and will be
presented in this thesis.

2.3 Working principle and materials used in p-type
DSCs

The power conversion efficiency of p-type DSCs is in general lower than for
the n-type counterpart. There is however a large research interest in the field
of p-type DSCs. The main interest is driven by the possibility to make tandem
solar cells, consisting of a p-type and an n-type device sandwiched together to
form a solar cell. This concept is interesting due to the possibility to increase
the light harvesting efficiency (LHE), i.e. the absorption of a larger part of the
solar spectrum at a higher efficiency, by an appropriate choice of components.
The components in this case mostly refer to choosing dyes for the n- and p-
type cells that have complementary light absorption properties as well as the
electrolyte composition, but also choosing the semiconductors wisely. When
stacking two devices together, the photovoltage from both is additive, but the
photocurrent is limited by the device with the lowest photocurrent, which so
far has been the p-type device. The maximum theoretical power conversion
efficiency is described by the Shockley-Queisser limit [80]. For a single junc-
tion, the maximum is 31 %, whereas for a double junction device, as a tandem
cell, it is 42.5 % [80–83]. Therefore, extensive research is ongoing to increase
the photocurrent and power conversion efficiency of p-type DSCs.
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The most used semiconductor in p-type DSCs is NiO, which is transparent
and very stable in a broad variety of conditions. A schematic illustration of
a p-type DSC under illumination is shown in Figure 2.6. The numbers on
the arrows in the figure are used in the text. The basic components are the
same as for n-type DSCs and the working principle is as follows: electron
excitation from HOMO to LUMO of the dye upon illumination (1). This is
followed by hole injection from the dye into the valence band of the NiO (2)
and electron transfer from the LUMO of the dye to the redox mediator (3). The
back reactions limiting the efficiency of the DSC are: electron recombination
within the excited dye molecule (4), recombination from the LUMO of the
dye to the valence band of the semiconductor (5) and recombination from the
redox mediator to the valence band of the semiconductor (6).
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Figure 2.6. Schematic illustration of a p-type DSC. Arrows mark the electron and
hole transfer under illumination. Solid arrows are desired charge transfer reactions,
whereas the dashed ones are recombinations limiting the efficiency of the DSC.
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3. Methods

In this chapter, the methods used in this thesis will be described. The focus
will be on photoelectron spectroscopy (PES) and the experimental setups used.
After the PES part, the main methods of solar cell characterization will be
introduced followed by a description of sample preparations.

3.1 Photoelectron spectroscopy, PES
The following sections will provide a short introduction to photoelectron spec-
troscopy (PES). For a deeper description of the processes, information can be
found in more comprehensive textbooks [84–87].

3.1.1 Basic principles
Photoelectron spectroscopy (PES) is a surface sensitive and element specific
technique used for characterizing surfaces and interfaces of materials. The
technique relies on the photoelectric effect, which was experimentally ob-
served for the first time in 1887 by Heinrich Rudolf Hertz [88]. The pho-
toelectric effect was explained by Albert Einstein in 1905 [89], awarding him
the Nobel Prize in physics in 1921, and describes how electrons are emitted
from a material when illuminated by photons having an energy exceeding a
threshold value. Illuminating the sample with photons with a well defined
energy, hν , results in emission of an electron if the incident photon energy is
higher than the binding energy, EB, of the electron in the sample. Conservation
of energy gives:

EK = hν −EB (3.1)

where EK is the kinetic energy of the emitted photoelectron.
When working with metallic substrates, the Fermi level is often used as

a point of energy reference. In this case a fourth term is added to equation
3.1. The added term (φ ), is known as the work function of the sample and is
defined as the difference in energy between the Fermi level and the vacuum
level. The relation in this case is given by:

EK = hν −EB −φ (3.2)
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Thus, by knowing the photon energy and measuring the kinetic energy of
emitted photoelectrons, the binding energy of the electrons in the sample can
be easily computed. The technique, also known as Electron Spectroscopy
for Chemical Analysis (ESCA) or X-ray Photoelectron Spectroscopy (XPS),
was developed by Kai Siegbahn and co-workers [90]. In 1981, Siegbahn was
awarded the Nobel Prize in physics for his contribution to the development of
PES [91].

To obtain a photoelectron spectrum, the number of emitted photoelectrons
are measured as a function of the kinetic energy for a given photon energy.
PES is generally divided into core level and valence level PES, depending on
the origin of the photoelectron, as schematically illustrated in Figure 3.1. Core
levels refer to localized levels with atomic character, usually at higher binding
energies, while valence levels have a delocalized molecular character and are
found at lower binding energies. Figure 3.2 shows examples of core level and
valence level PES of a TiO2 electrode sensitized with the organic dye D35.

Core level PES Valence level PES

hν

hν

Figure 3.1. Schematic illustration of core level and valence level PES.

3.1.2 Binding energy and chemical shifts
The binding energy of an electron in an orbital depends on the difference in
energy between the initial and final states. The initial state is the neutral system
whereas the final state is the core-ionized system. This can be described by

EB = Etot(N −1)−Etot(N) (3.3)

where Etot is the total energy of the initial state with N electrons and of the final
state with N − 1 electrons. To be able to calculate binding energies, different
approximations have to be used. A simple way of calculating binding energies
is by applying Koopmans’ theorem, which assumes that no rearrangement of
the remaining N−1 electrons takes place upon ionization. The binding energy
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Figure 3.2. Overview PES spectrum of D35 on TiO2 with a zoom in of the valence
region in inset. The spectrum was measured using a photon energy of 758 eV.

is within this approximation found by solving the Schrödinger equation using
Hartree-Fock wave functions for the N electron system [84]. Koopmans’ the-
orem thus implies that the binding energies are given by the negative of the
Hartree-Fock orbital energies [84]. However, in photoemission one electron
is lost in the final state which means that the nucleus will not be as efficiently
screened for the remaining electrons. This induces relaxations to the remain-
ing electron orbitals, leading to relaxation energy corrections to the Koop-
mans’ theorem binding energies. To include these corrections, more elaborate
calculations performed on both the initial and final states need to be be done to
obtain the total energy difference (see Equation 3.3). Calculations of this kind
are often performed using density functional theory (DFT). A foundation of
DFT is that a given electron density in a system corresponds to one single en-
ergy. The lowest energy configuration gives a density of states (DOS) that can
be extracted for each constituting element (partial density of states, PDOS),
which can be used to simulate PES spectra from which binding energies can
be obtained.

Electrons originating from a certain core orbital have a characterstic binding
energy, which however is affected by the chemical surrounding of the atom.
This gives rise to what is known as chemical shifts [90]. The chemical shift
contains both initial and final state effects [91], as expressed by Equation 3.3.
One way to estimate the chemical shift is to use the Z + 1 approximation,
which means that the removal of a core level electron can be approximated
by adding an extra charge unit to the nucleus, i.e. going from a nucleus with
charge Z to one with charge Z +1 [84].

The chemical shift can also be roughly estimated by considering differences
in electronegativity. Binding of the core ionized atom to an atom with a high
electronegativity gives a higher binding energy than binding to an atom with
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lower electronegativity. A very clear and famous example of this is comparing
C-F to C-C, where the C1s signal is found at a higher binding energy when
bound to fluorine (which has a high electronegativity) [90, 92].

3.1.3 Peak intensity
In a photoemission experiment, there are several parameters affecting the in-
tensity, I, of a photoemission peak from an element situated at a depth d below
the sample surface, as expressed by [87]:

I ∝ F
dσ

dΩ
ρTe−

d
λ sinθ (3.4)

where F is the incident photon flux, dσ

dΩ
is the differential photoemission cross

section for the core level, ρ is the number density of the photoionized element
at a depth d below the sample surface, T is the analyzer transmission of elec-
trons, λ is the inelastic mean free path (IMFP) of electrons and d

sinθ
thus is

the distance the emitted photoelectron travels in the sample before leaving it,
where θ is the angle between the sample surface and the direction of the spec-
trometer [87]. The photoemission cross section is specific for each atomic or-
bital and photon energy, generally it decreases with increasing photon energy.
The IMFP is a measure of the distance a photoelectron can travel in a solid
before losing energy due to inelastic collisions. The IMFP is dependent on the
photoelectron’s kinetic energy. The exponential term describes the attenuation
of the PES signal as the emitted photoelectron travels within the sample before
leaving it to enter the vacuum. This term describes the surface sensitivity of
the technique, since photoelectrons originating deeper within the sample will
be more affected by attenuation than electrons originating from the surface.

3.1.4 Hemispherical analyzers
A hemispherical analyzer is the most common type of electron energy an-
alyzer. It consists of two concentric hemispheres separated by a certain dis-
tance. An electrostatic field is applied between the two hemispheres. Electrons
emitted from the sample are transferred by a lens system to the analyzer en-
trance and accelerated or retarded to the analyzer pass energy. The electrons
enter the analyzer via an entrance slit and the electrostatic field in the analyzer
forces them to take a curved trajectory towards the detector. Depending on the
kinetic energy of the electrons they will take different trajectories leading to
them ending up on different positions of the detector. The detector consists
of MCPs (micro-channel plates) followed by a fluorescent screen and a CCD
camera that detects and counts the electrons hitting the fluorescent screen. The
spectrometer is usually run in what is known as swept mode. This means that
the voltages of the focusing optics (lens system) are scanned over the kinetic
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energy range of interest. A consequence of this mode of operation is that every
energy within the energy range has passed all positions of the detector. This
gives in general more reliable spectra since possible irregularities of the detec-
tor are evened out. The analyzer can also be operated in fixed mode meaning
that the voltages are not scanned and all electrons of a given kinetic energy
will be detected at the same position of the detector. To obtain a photoemis-
sion spectrum, the electron counts are integrated over a certain time (dwell
time). This is plotted versus the kinetic or binding energy of the electrons.
A schematic drawing of a Scienta R4000 hemispherical analyzer is shown in
Figure 3.3.

A

B

C

e-

Figure 3.3. Schematic drawing of a Scienta R4000 analyzer. A indicates the lens
system, where the arrow shows where electrons enter, B is the detector and C is the
outer hemisphere. Figure courtesy of Scienta Omicron AB.

3.1.4.1 Resolution
The resolution of the electron energy analyzer, ∆E, is given by:

∆E =
sEp

2r
(3.5)

where s is the width of the entrance slit of the analyzer, Ep is the pass energy
and r is the radius of the electron energy analyzer.

For a given electron energy analyzer (a given r), the highest resolution is
obtained using a narrow entrance slit and a low pass energy. The intensity de-
pends on both of these parameters. Choosing a narrower slit and a lower pass
energy will lower the intensity [93]. Thus, a compromise between intensity
and resolution is needed.

In addition to the analyzer broadening of spectral lines, there will also be
broadening from the photon source, lifetime broadening inherent in the sample
and vibrational broadening. A photoelectron spectral lineshape is normally
regarded to be of Voigt type, which is a convolution of a Gaussian part (in-
strumental broadening) and a Lorentzian part (lifetime broadening) [94]. In
the measurements presented in this thesis, the Gaussian part of the lineshape
dominates since the lifetime broadening is generally small.
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3.1.5 Synchrotron radiation
To produce synchrotron radiation, an electron storage ring is used. The ring
consists of an evacuated tube into which bunches of electrons are injected.
The electron bunches travel in the ring at relativistic speeds. The ring is made
up of straight segments with strong magnets (bending magnets) at the bending
points. The bending magnets produce radiation of a broad energy range. On
the straight segments, insertion devices such as undulators and wigglers are
installed. Insertion devices consist of a periodic structure of dipole magnets
that force the electrons of the storage ring to oscillate when passing. In a wig-
gler, the oscillations gives rise to a strong enhancement of the electromagnetic
radiation in a broad bandwidth. An undulator produces very intense radia-
tion in narrow energy bands. The produced radiation can be used to perform
measurements. By varying the vertical distance between the dipole magnets
(the undulator gap), the energy distribution of the produced radiation can be
changed. The photons are delivered to a beamline, where a monochromator
selects the wavelength (energy), for experimental use.

Synchrotrons provide high intensities with high brilliance, tuneable pho-
ton energies and a high degree of polarization of the photons. Synchrotrons
produce radiation at a broad range of energies and measurements can be per-
formed from the UV range up to more than 10 keV, depending on the beamline
used. In this work, experiments have been performed at two synchrotron facil-
ities; the MAX II storage ring at the MAX IV laboratory in Lund and BESSY
II in Berlin.

3.1.5.1 I411
Most of the experiments presented here have been performed at the undu-
lator beamline I411 [95, 96] at the MAX IV synchrotron facility in Lund.
The beamline has a photon energy range between 50-1500 eV provided by
a plane grating monochromator and the end station is equipped with a Sci-
enta R4000WAL hemispherical analyzer. By small modifications of the end
station, experiments can be performed on solid, liquid and gaseous samples.

The end station comprises, when equipped for studying solid state samples
(as during the measurements presented in this thesis), several vacuum cham-
bers connected with valves, as seen in Figure 3.4. Samples are inserted from
atmosphere into a load lock chamber with a magnetic sample transfer rod.
When the load lock chamber is evacuated, samples can be transferred to the
next chamber which is referred to as the preparation chamber. In the prepara-
tion chamber, samples are transferred from the magnetic rod to a manipulator
that can transfer the sample into measuring position in the analysis chamber.
The preparation chamber and the analysis chamber are separated by a valve
and when the pressure in the preparation chamber is sufficiently low, samples
can be transferred to the analysis chamber. In the measurement position used
in this thesis, the electron take off angle is 20-30 ◦ and the X-rays impinge on
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the sample at a 70-60 ◦ angle with respect to the sample surface. All chambers
have turbo pumps to maintain the vacuum and during measurements, the base
pressure is in the 10−8 mbar range. This system has been used for experiments
in all the papers included in this thesis.

Figure 3.4. End station of beamline I411. From the left comes the beamline into
the analysis chamber. On top the manipulator is mounted onto the preparation and
analysis chambers. To the right is the magnetic transfer rod mounted onto the load
lock chamber. The analyzer is behind the end station from this angle.

3.1.5.2 KMC-1/HIKE
KMC-1 is a HAXPES (Hard X-ray Photoelectron Spectroscopy) beamline sit-
uated on a bending magnet at the BESSY II synchrotron in Berlin [97, 98].
The beamline has a crystal monochromator with three different sets of crys-
tals: Si(111), Si(311) and Si(422). The photon energy range is 2-12 keV and
each set of crystals is suited for a specific range of energies. On the beamline
is the endstation HIKE (HIgh Kinetic Energy) which is equipped with a hemi-
spherical electron analyzer (Scienta R4000 10 keV), which is configured for
detecting high kinetic energy electrons. A photo of the beamline is shown in
Figure 3.5.
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Measurements are usually done at a grazing incidence angle of the photon
beam and the spectrometer is mounted at a 90 ◦ angle from the incident photon
beam. This configuration maximizes the bulk sensitivity of the measurements.
Measurements performed at this beamline are included in Paper V.

Figure 3.5. HIKE end station of beamline KMC-1. The beamline comes in from the
top of the photo. At the right side is the magnetic transfer rod mounted on the load
lock chamber. In the center of the end station is the analysis chamber and to the left is
the hemispherical analyzer.

3.1.6 ESCA 300
An in-house ESCA 300 spectrometer [99], shown in Figure 3.6, using Al Kα

radiation (1486.7 eV) was used for some measurements presented in this the-
sis. The photon source is a two stage high power electron gun accelerating
electrons onto a water cooled rotating aluminium anode. The emitted radia-
tion is further monochromatized using a quartz crystal monochromator. The
instrument has a hemispherical electron analyzer with a radius of 300 mm
from Scienta. For the measurements presented in this thesis an electron take
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off angle of 90 ◦ has been used, but the instrument also allows for variable take
off angle studies. The instrument has been used for measurements in Paper V.

Figure 3.6. Photo of the in-house ESCA 300 instrument.

3.1.7 Energy calibration and intensity normalization
When studying energy level matching it is of great importance to have a reli-
able energy reference. For solid and metallic samples, the Fermi level is often
used as a reference point by setting it a a binding energy of 0 eV. Throughout
this thesis, the substrates used have been semiconductors (TiO2 in Paper I-V
and NiO in Paper VI), where the Fermi level can be hard to determine. Instead
an internal energy reference from the substrates has been used for energy cal-
ibration. Measurements on TiO2 have been energy calibrated by placing the
Ti2p3/2 core level peak at a binding energy of 458.56 eV [100]. The spectra
measured with NiO as a substrate were energy calibrated by placing the O1s
core level peak originating from NiO at 529.47 eV [35].

In order to compare signals from different samples, an intensity normaliza-
tion is necessary. Two different approaches to this have been used in this the-
sis. In Paper I-II and V-VI, the intensities of the measured spectra have been
normalized versus the substrate peaks (Ti2p, Ti3p or O1s for NiO). Another
route, which has been used in Paper III-IV, is to normalize versus the back-
ground intensity in an energy region dominated by inelastic electrons from the
substrate.

3.1.8 X-ray absorption spectroscopy
If the energy of an incoming X-ray photon matches the energy difference for
an excitation, photon absorption can occur. In a simple picture this promotes
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an electron from a core level to an unoccupied level leaving the atom with a
core hole. The core hole will rapidly be filled by an electron from a higher
state. During this process excess energy will be emitted in the form of Auger
electrons or photons (fluorescence). Within the scope of this thesis, N1s-
NEXAFS has been measured. For light elements as e.g. C, N and O, the Auger
yield is more than two orders of magnitude higher than the fluorescence yield
[101].

The Auger decay can be used for X-ray absorption spectroscopy (XAS)
measurements, by scanning the photon energy over an absorption edge and
measuring the number of emitted Auger electrons. If the absorption is studied
close to an absorption edge, the technique is referred to as NEXAFS (Near
Edge X-ray Absorption Fine Structure). Structures will appear in NEXAFS
spectra at energies that relate to unoccupied electronic states. Transitions ob-
served in X-ray absorption take place between states obeying the dipole se-
lection rule, ∆l = ±1 of the same atom and X-ray absorption thus is element
specific. A deeper description of the processes involved can be found in var-
ious general and specialized textbooks [101, 102]. Calibration of the photon
energy has been done by measuring a core level with first and second order
light. The difference in kinetic energy equals the photon energy. NEXAFS
measurements were performed at beamline I411 and are found in Paper I and
III.

3.2 Solar cell characterization
In this section, the main techniques used to characterize DSCs will be pre-
sented in short.

3.2.1 UV-vis spectroscopy
The spectral behaviour of dye molecules is of great importance for the function
of the DSC. This can be investigated by irradiating a sample with light in the
UV-visible-NIR range and by the use of a grating and CCD detector measure
the transmittance at different wavelengths. This allows for transmittance mea-
surements of all wavelengths simultaneously. By using Lambert-Beer’s law
(see Equation 3.6), the extinction coefficient, ε , of the dye can be obtained,
where A is the absorbance, c is the concentration and l is the length of the
sample (the length of the cuvette). Absorbance , A, is related to transmittance,
T , by T = 10−A. Absorbance can also be measured on film, where Equa-
tion 3.6 is modified to account for surface coverage instead of concentration
in solution.

A = εcl (3.6)
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The absorbance can be linked to the light-harvesting efficiency, LHE, by
using Equation 3.7, where I and I0 are the intensities recorded with and without
a sample present. LHE can also be referred to as absorptance.

LHE = 1− I
I0

= 1−10−A (3.7)

3.2.2 IV
When comparing how well solar cells work, the power conversion efficiency
of the cell is used. The efficiency can be obtained from a current-voltage (IV)
measurement under simulated solar illumination with known power, Pin. From
an IV-curve the short circuit current (JSC) and the open circuit voltage (VOC)
can be obtained. The power conversion efficiency is then calculated using
Equation 3.8, where Pmax is the point of maximal power, Pin is the incident
power and FF is the fill factor given by Equation 3.9.

η =
Pmax

Pin
=

JSCVOCFF
Pin

(3.8)

FF =
JmaxVmax

JSCVOC
(3.9)

An example of an IV curve of a D35 based DSC using an iodide based
electrolyte is shown in Figure 3.7, where Jmax and Vmax determining Pmax are
indicated by the largest rectangle fitting under the IV curve. A solar simulator
producing the AM1.5G solar spectrum is used to irradiate the cell. The inten-
sity of the light is calibrated to 1000 Wm−2 (1 sun). To scan between short
circuit and open circuit, the external load on the solar cell is changed from
zero to infinity.
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Figure 3.7. IV curve of a D35 based DSC with an iodide electrolyte.
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3.2.3 IPCE
Spectral information on how well a solar cell converts photon flux to current
at a given wavelength can be obtained by measuring the IPCE. The abbrevi-
ation IPCE stands for Incident Photon to Current Conversion Efficiency and
can also be referred to as the external quantum efficiency (EQE). During an
IPCE measurement, the solar cell is illuminated by monochromatic light and
the photocurrent is measured as the wavelength is scanned using a monochro-
mator. IPCE is calculated from the ratio of the number of electrons delivered
by the cell to the number of photons incident onto the cell. The value can be
used to evaluate the function of the solar cell. IPCE depends on the parameters
in Equation 3.10

IPCE = LHEφin jφregφcoll (3.10)

where LHE is the light harvesting efficiency, φin j is the efficiency of electron
injection into TiO2, φreg is the efficiency of the regeneration of the oxidized
dye molecules and φcoll is the electron collection efficiency. An example of
an IPCE spectrum of a DSC using D35 in combination with an iodide based
electrolyte is shown in Figure 3.8.
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Figure 3.8. IPCE for a D35 based DSC with an iodide electrolyte.

3.2.4 Electron lifetime
Measuring the electron lifetime gives an estimation of how long time an elec-
tron can stay in the semiconductor after injection before it recombines with the
oxidized dye molecule or the redox mediator. The electron lifetime is gener-
ally measured at open circuit. During the measurement the cell is illuminated
by an LED. A small modulation of the bias voltage of the LED is applied and
the response in photovoltage is recorded. The small modulation of the bias
gives a single exponential decay of the photovoltage, which can be fitted to
obtain the electron lifetime.
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3.3 Sample preparation
The main focus of this thesis has been PES studies on electrodes used in DSCs.
This section will therefore describe how samples were prepared for PES mea-
surements. The preparation of complete solar cells is described elsewhere
[10, 54].

All the samples were prepared on fluorine doped tin oxide (FTO) conduct-
ing glass (Pilkington TEC8 or TEC15). On the glass substrates, single layers
of TiO2 (Dyesol DSL 18 NR-T or Solaronix T37/SP) were screen printed at
a thickness of 2-6 µm. In Paper V, DSL 18 NR-T electrodes were prepared
by spin-coating and microbead electrodes by doctor blading. The NiO elec-
trodes used in Paper VI, were prepared by screen-printing a 3 µm thick single
layer of NiO. All electrodes were sintered at 450-500 ◦C for 30-60 min and
left in the oven to cool down over night. Before dye-sensitization, the elec-
trodes were cut to around 1 cm2 and heated to 300 ◦C for 10 min. Before
being immersed in the dye solutions, samples cooled down to around 80 ◦C.
The sensitization time generally ranged from 4-18 h for the different projects.
In Paper IV, sensitization time was used as a parameter and ranged from 1 s
up to 24 h. After sensitization, the samples were rinsed with the solvent used
in the dye bath and mounted onto the sample holder for transmission into the
vacuum of the experimental setup.
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4. Summary of results

The results are divided into two main parts depending on the kind of semicon-
ductor electrode used. The first part focuses on samples having the common
TiO2 morphology. This part contains comparisons of single dyes, thermal
treatment of dyes and co-adsorption of dyes and co-adsorbents. The second
part describes different electrodes and includes a TiO2 morphology suitable
for use in solid state DSCs and mixed molecular layers on NiO.

The chemical structures of the organic dyes used in this thesis are shown in
Figure 4.1. The metal-organic Ru-based dyes are shown in Figure 4.2 together
with the co-adsorbent DPA and the adsorbents used in NiO based p-type DSCs
are shown in Figure 4.3.
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Figure 4.1. Chemical structures of the organic dyes used. D35 is used in Paper I, II,
III and IV. D45 is used in Paper I and LEG4 in Paper V.
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Figure 4.3. Chemical structures of the sensitizer molecules TCPP/ZnTCPP and
C60PPy presented in Paper VI.

4.1 TiO2 electrodes
This section contains comparisons of dyes with similar structures (Paper I),
thermal treatment of dye-sensitized TiO2 (Paper II) and co-adsorption giving
mixed molecular layers at the TiO2 surface (Paper III and IV).

4.1.1 Changes in the donor group of TAA based organic dyes
In Paper I, the two organic dye molecules D35 [51] and D45 [52] (see Fig-
ure 4.1) are compared when adsorbed to TiO2. The only difference between
the two dyes is the length of the alkoxy chains situated on the donor part of the
molecules. Adding bulky groups on the donor part of the dye molecules can
lead to lower recombination rate due to steric hindrance since molecules in
the electrolyte are efficiently hindered from reaching the TiO2 surface [103].
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Less dye aggregation is another plausible effect of adding bulky groups on the
donor part [104].

A summary of the solar cell performance of DSCs based on D35 and D45
with a Co-based liquid electrolyte is shown in Table 4.1. The results show
that D35 gives higher numbers on all the investigated parameters. D35 also
shows longer electron lifetimes than D45, as shown in Paper I. To deduce the
reasons for this, a PES study together with theoretical DFT calculations was
performed studying geometric (dye coverage and adsorption configuration) as
well as electronic (energy level alignments) surface structure of the sensitized
electrodes.

Table 4.1. Summary of solar cell characteristics of D35 and D45 based DSCs. VOC
is the open circuit voltage, JSC is the short circuit current density, FF is the fill factor
and η is the power conversion efficiency.

Dye VOC (V ) JSC (mAcm−2) FF η (%)

D35 0.86 9.43 0.69 5.6
D45 0.81 8.80 0.68 4.8

The S2p PES spectra shown in Figure 4.4(a) have been intensity normalized
versus the substrate Ti2p signal, to give a measure of the surface coverage. The
measurements show that the coverage of D45 is approximately 30 % higher
than D35. Density functional theory (DFT) calculations indicate that the max-
imum D45 coverage is 47 % higher than for D35. This is something one to
some extent might expect, since D45 is smaller than D35. The adsorption
configuration of the dye molecules to the TiO2 surface is another parameter
that could affect the solar cell performance. This was experimentally studied
from the N1s core levels, shown in Figure 4.4(b). By using Equation 3.4, the
adsorption angle of the dye molecules to the TiO2 surface can be estimated by
comparing the N1s core level signals from the donor (TAA) and acceptor (CN)
groups. The comparison showed that D35 and D45 have very similar adsorp-
tion configurations, with the dye molecules standing on the TiO2 surface with
the donor unit and alkoxy chains pointing away from the TiO2. This is sup-
ported by DFT calculations which show that the most energetically favourable
adsorption configuration is with the dye molecules standing on the TiO2 sur-
face.

To further investigate the geometry of the dyes at the TiO2 surface, the C1s
core level spectra shown in Figure 4.5 can be used. From the dye coverage
estimation, we know that there is about 30 % more D45 on the surface as
compared to D35. D35 has roughly 30 % more carbon atoms in its structure.
Combining these, the C1s signal should be about the same from D35 and D45.
In Figure 4.5, the C1s core level is measured with two different photon ener-
gies (758 and 454 eV). When measured with 758 eV, the C1s signal from D35
and D45 is very similar, when normalized versus the substrate. However, at
454 eV, the signal from D35 is 29 % stronger. We conclude from this that the
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Figure 4.4. S2p (a) and N1s spectra (b) of D35 and D45. The S2p spectra are measured
with a photon energy of 758 eV and intensity normalized versus the substrate Ti2p
signal. The N1s spectra are measured with two different photon energies, A and C
with 758 eV whereas B and D with 540 eV. The chemically shifted contribution from
the donor and acceptor groups is indicated in the figure.

alkoxy chains of D35 are at the outermost surface, most probably forming an
entangled layer. This layer may prevent electrons injected into the CB of TiO2
from recombining with Co3+ complexes in the electrolyte, which ultimately
leads to the longer electron lifetime observed for D35.

As previously discussed, also the energy level alignment will affect the per-
formance of a DSC. To investigate this, the valence bands of D35 and D45
were measured using a photon energy of 150 eV, see Figure 4.6(a). The va-
lence bands and the HOMO levels of the two dyes are, as seen in the figure,
very similar. The unoccupied energy levels, probed by N1s-NEXAFS shown
in Figure 4.6(b), reveals similarities between the two dyes. In Paper I, theo-
retical calculations are shown that support this. Thus, the energy levels of the
dye molecules are not affected by the alkoxy chains on the donor group.

The main conclusion of Paper I is that the difference in solar cell perfor-
mance of these rather similar dyes is attributed only to geometrical factors, i.e.
the alkoxy chains of D35 preventing recombination and thereby enhancing the
electron lifetime, leading to more efficient solar cells.
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Figure 4.5. C1s spectra measured with photon energies of 758 eV (a) and 454 eV (b).
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Figure 4.6. Valence levels measured with a photon energy of 150 eV (a) and N1s-
NEXAFS spectra (b) of D35 and D45 on TiO2.

4.1.2 Effect of thermal treatment on dyes
Dye molecules are often subjected to elevated temperatures, both during the
manufacturing of DSCs as well as during operation. Liquid-based DSCs can
use a thermoplastic for assembling the electrodes. The thermoplastic needs to
be heated to 100-130 ◦C in order to seal the electrodes together [105–107].
One method to prepare ssDSCs utilizes infiltration of the hole conductor in its
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molten form [108], which allows for thicker TiO2 films with efficient pore
filling. In operation, the internal temperature of a DSC normally reaches
40-50 ◦C but during extreme weather conditions it can reach up to 70 ◦C
[109, 110]. Studies have shown that heat-treatment of DSCs lowers their per-
formance [111–116]. Thermal stability of dyes is of great importance for the
function of DSCs. Paper II focuses on the effects of thermal treatment of the
dyes D35 and K77 [63] (see their chemical structures in Figure 4.1 and 4.2)
both in terms of DSC performance and on the molecular scale using PES. Dye-
sensitized electrodes were heat-treated in ambient air for 5 min at 100, 150 and
200 ◦C. These electrodes were then compared with pristine (non heat-treated)
electrodes. A summary of the solar cell characteristics of DSCs comprising
these electrodes with an I−/I−3 -based electrolyte is shown in Table 4.2.

Table 4.2. Summary of solar cell characteristics of the heat-treated DSCs. VOC is the
open circuit voltage, JSC is the short circuit current density, FF is the fill factor and η

is the power conversion efficiency. From Paper II.

Sample VOC (V ) JSC (mAcm−2) FF η (%)

D35
Not heated 0.85 8.09 0.64 4.4
100 ◦C 0.84 7.20 0.65 4.0
150 ◦C 0.78 4.45 0.66 2.3
200 ◦C 0.48 0.22 0.56 0.1
K77
Not heated 0.72 9.25 0.68 4.5
100 ◦C 0.69 8.19 0.70 4.0
150 ◦C 0.62 4.21 0.68 1.8
200 ◦C 0.50 0.95 0.66 0.3

The power conversion efficiencies drop with over 90 % for both dyes when
heat-treated at 200 ◦C. PES was used as a tool to understand the effects of the
heat-treatment at the molecular level.

Figure 4.7 shows the N1s (a) and S2p (b) spectra of the D35 samples. The
N1s core level spectra were measured using a photon energy of 535 eV and
curve fitted using two components, NA and ND as previously discussed, as
shown in the figure. No differences in total N1s signal (versus Ti3p substrate
signal) are detected as a consequence of the heat-treatment. The relative ratio
of NA to ND also remains unaffected throughout the series. The S2p spectra
shown in Figure 4.7(b) reveals that two spin-orbit split components are needed
to curve fit the spectra, even though D35 has a single sulfur atom in the struc-
ture. The doublet at the highest binding energy is referred to as SL (linker) and
the smaller doublet at lower binding energy as SE (extra). The presence of the
extra doublet has been observed earlier for similar dyes [117] and can, as for
metal-organic dyes be explained by a mixture in adsorption configurations to
the TiO2 surface [100]. SL is attributed to dye molecules adsorbing to TiO2
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standing up while SE is attributed to dye molecules adsorbing with a large an-
gle to the surface normal. The angle allows for interaction between the sulfur
of the dye and the TiO2 surface resulting in the large chemical shift observed.
The total S2p signal remains constant versus Ti3p for all samples. However,
the relative intensity of SE increases when heat-treated (at 200 ◦C it is double
as compared to pristine) and thus, SL decreases correspondingly. This indi-
cates that the adsorption configuration of a fraction of the D35 molecules is
altered by heat-treatment, which may have important consequences for the
energy conversion process.
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Figure 4.7. N1s (a) and S2p (b) spectra of the heat-treated D35 samples. N1s measured
with a photon energy of 535 eV and S2p with 454 eV.

Figure 4.8 shows the N1s (a) and S2p (b) spectra of the K77 samples. The
N1s spectra measured with a photon energy of 535 eV are curve fitted using
four peaks: NT BA from the tert-butylammonium (TBA) counter ion, NP from
the bipyridine whereas the thiocyanate ligands (NCS) give rise to two peaks;
NNCS1 and NNCS2. Ru-based dyes have previously been observed to interact
with the substrate via the thiocyanate ligands, giving rise to two components
in the signal from both nitrogen and sulfur from the ligands [100, 118]. The
total N1s intensity (versus the substrate) decreases progressively when heat-
treated. The intensity of NT BA and NP remains constant, whereas the total
intensity from the thiocyanate nitrogen (NNCS1 and NNCS2) decreases, indicat-
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ing a partial loss of thiocyanate ligands. Similar effects are also observed in
the S2p spectra.

The S2p spectra measured with a photon energy of 454 eV are shown in
Figure 4.8(b). In the chemical structure of K77, sulfur is only present in the
thiocyanate ligands. However, five spin-orbit split components are necessary
to curve fit the spectra. The two at the lowest binding energies are assigned
to the thiocyanate ligands, similar to the N1s spectra [100, 118]. The remain-
ing three are assigned to various sulfurous oxides; SO4 at a binding energy of
168 eV, SO3 at 166.5 eV, whereas the contribution at 164 eV is unclear and re-
ferred to as SOX . The positions of these peaks are in agreement with what has
previously been seen for sulfurous oxides on metals and metal oxides [119–
122]. The total S2p signal remains constant throughout the heat-treatment,
but the total intensity from NCS (SNCS1 and SNCS2) decreases and the total
intensity from the sulfurous oxides increases progressively with increasing
heat-treatment temperature. This indicates that part of the thiocyanate ligands
detach from the molecules as a consequence of heat-treatment and during this
process, nitrogen is lost whereas sulfur adsorbs to the TiO2 surface as sul-
furous oxide.
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Figure 4.8. N1s (a) and S2p (b) spectra of the heat-treated K77 samples. N1s measured
with a photon energy of 535 eV and S2p with 454 eV.
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Figure 4.9 shows the outermost parts of the valence bands of the D35 (a)
and K77 (b) samples. The vertical lines in the figure indicate the position of
the HOMO level in each sample. For D35, the valence bands were measured
using a photon energy of 100 eV. A gradual shift in binding energy of the
HOMO level is observed when heat-treated. The maximal shift is +0.2 eV
when heat-treated at 200 ◦C. The shift is ascribed to the change in adsorption
configuration previously discussed. The HOMO level of D35 is mostly lo-
cated around the donor part of the molecule with contributions from the phenyl
groups and alkoxy chains [51, 117, 123]. This positioning of the HOMO level
explains why the binding energy of it is affected by a change in adsorption
configuration.
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Figure 4.9. The outermost parts of the valence band of heat-treated D35 (a) and
K77 (b). D35 samples measured with a photon energy of 100 eV and K77 with 454 eV.
The connected vertical lines show the position of the HOMO level in each sample.

The binding energy of the HOMO level of the K77 samples is not affected
by heat-treatment, as indicated in Figure 4.9(b). The HOMO level of K77
(and other Ru-based dyes) is to a large extent located on the ruthenium atom
[67], which means that it is quite stable. The HOMO level however gets less
pronounced from heat-treatment, indicating a loss of HOMO level electrons,
which will have negative impact of the solar cell performance.
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The main observable of Paper II is the severe decrease in power conversion
efficiency when heat-treated. For D35, we conclude that the reason for this
decrease is a change in molecular configuration of the dye molecules at the
surface which affects the energy levels and their alignment, which probably
increases the recombination in the DSC. For K77 however, the explanation
of the decrease in power conversion efficiency is that the dye molecules ac-
tually break from the heat-treatment and that the products cannot function as
sensitizers.

4.1.3 Co-adsorbents in the molecular layer
There are several approaches on how to produce more efficient DSCs, e.g.
optimization of the constituting parts of the DSC and combinations of con-
stituents. Many studies have shown that the power conversion efficiency can
be increased by the addition of co-adsorbents in the dye bath solution [124–
142]. The knowledge of how dye molecules are affected by the addition of
co-adsorbents is however limited. In Paper III, we have investigated how the
metal-organic dye Z907 [64] (at a constant concentration of 300 µM in so-
lution) is affected by addition of n-decylphosphonic acid (DPA) in varying
concentrations (see Figure 4.2 for chemical structures) at a molecular level
using PES. Another important route towards more efficient DSCs is to en-
hance the light absorption. It can e.g. be done by synthesizing new dyes
or by co-adsorbing several dyes with complementary light absorption prop-
erties. The latter has recently shown to be very successful and the most effi-
cient DSC today comprises two different co-adsorbed dye molecules [9]. The
co-adsorption of a dye with other dye molecules has been investigated in Pa-
per III and IV, where the metal-organic dyes Z907 and Black dye (BD) [59]
(Figure 4.2) have been co-adsorbed with D35 (see Figure 4.1). Z907 and D35
were co-adsorbed from different relative concentrations in solution, while for
the mixture of BD:D35, two series were prepared; the first having a constant
concentration of BD (500 µM) and varying D35 concentrations and the sec-
ond series utilizing constant concentrations of BD:D35 (400 µM:200 µM),
i.e. a ratio of 1:0.5, for sensitization times ranging from 1 s to 86.4 ks (24 h).

The dye molecules are expected to adsorb to the TiO2 surface via the an-
choring groups. As shown in the S2p spectra presented in Paper III and IV,
both Z907 and BD additionally shows signs of interacting with the TiO2 sur-
face via the thiocyanate ligands, as also observed for K77 in Paper II. Fig-
ure 4.10 shows the S2p spectra of Z907 co-adsorbed with DPA and with D35
as well as BD co-adsorbed with D35. The curve fit of the Z907:DPA (Fig-
ure 4.10(a)) samples illustrates the interaction to TiO2 via the thiocyanate lig-
ands by the presence of the S2pB component (S2pA is the contribution ex-
pected from the ligand). The interaction through the thiocyanate ligands of
Z907 is affected both by the addition of DPA and D35 (Figure 4.10(a, b)).
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DPA at high concentrations increases this interaction, while D35 already at
low concentrations removes the interaction, i.e. the S2pB contribution disap-
pears when D35 is present at the surface. For BD, the S2pB contribution is also
affected by the addition of D35, as shown in Paper IV, for all samples having a
sensitization time longer than 1 ks (Figure 4.10(c) and (d)). For shorter times,
the dye coverage is low, so no changes are observed. Longer sensitization
times and higher concentrations of D35 in the sensitization solution gives a
S2pB contribution that is around a third of the initial value. Thus, BD is not
affected as much as Z907 by the addition of D35 even though similar effects
are observed. This is most likely due to the fact that BD has three thiocyanate
ligands while Z907 only has two.

The co-adsorption of Z907:D35 and BD:D35 is schematically illustrated in
Figure 4.11. Green circles illustrate adsorption sites on the TiO2 surface, red
ovals are D35 and the blue symbols illustrate Z907 and BD respectively. The
color of the attached triangles and half circles illustrate the mode of interac-
tion between the thiocyanate ligands and the TiO2 surface. For Z907, red tri-
angles illustrate molecules interacting through the thiocyanate ligands, yellow
triangles show molecules not having this interaction and green triangles show
molecules with exposed thiocyanate ligands (less attenuation). Similarly, red
half circles for BD indicates interaction while yellow means no interaction
through the ligands to the TiO2 surface. The co-adsorption of Z907:D35 (a)
indicates the gradual change in adsorption configuration mentioned above by
the disappearance of the interaction between thiocyanate and TiO2 (red trian-
gles) and the appearance of the less attenuated ligand signal (green triangles).
For BD:D35 (b), the partial adsorption configuration change is illustrated by
the suppression of the interaction between ligand and TiO2 (red half circle)
and the increase of the non-interacting component (yellow half circle).

The Ru3d spectra shown in Paper III show that the amount of Z907 at the
surface decreases when D35 is added. This in combination with the change in
adsorption configuration, as discussed above, instead indicates that the Z907
molecules reorient at the surface, leaving the thiocyanate ligands more visible.
The same is true for BD, but the effects are smaller than for Z907.

To quantify the amounts of Z907 and DPA at the surface, the Ru3d (only
present in Z907) and P2p (only DPA) spectra were investigated using PES,
as shown in Paper III. The quantification is illustrated graphically, in terms of
atomic percentage of Ru and P as function of DPA concentration in the dye
solution, in Figure 4.12. Also included in the figure is the atomic percentage
of Ru plus a sixth of the atomic percentage of P, which interestingly results in
an almost linear behaviour. This indicates that Z907 is replaced by DPA at the
surface and that each Z907 molecule is replaced by six DPA molecules.

The HOMO level of the co-adsorbed systems was measured to study the en-
ergy level alignment in the system. In the case of Z907 and DPA, no shifts of
the HOMO level were detected, as shown in Paper III. For Z907 and D35 how-
ever, a shift of approximately -130 meV was seen for the Z907 contribution
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Figure 4.10. S2p spectra of the co-adsorbed samples. (a) shows Z907 with different
concentrations of DPA, (b) Z907 with D35, (c) BD with D35 at different concentra-
tions and (d) BD with D35 at different sensitization times. The Z907:DPA samples are
shown with their curve fits showing the two spin-orbit split doublets. All spectra were
measured using a photon energy of 454 eV. (a) and (b) come from Paper III while (c)
and (d) come from Paper IV.

when D35 was added, as shown by the vertical lines in Figure 4.13(a). The
HOMO level is predominantly located on the Ru atom with some contribution
from the NCS ligands, causing the HOMO level spectra to be dominated by
Ru4d character [66, 67]. The Ru3d core level showed a shift of the same order
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Figure 4.11. Schematic illustration of the adsorption to TiO2. The green circles illus-
trate adsorption sites on a TiO2 surface, the red ovals are D35 and the blue symbols
are Z907 and BD respectively, where the color of the attached triangles and half cir-
cles illustrate interaction between NCS and TiO2, as discussed above. (a) shows the
co-adsorption of Z907 and D35 from Paper III. (b) shows the co-adsorption of BD and
D35 at a constant BD concentration from Paper IV.
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Based on measurements using Al Kα radiation.

when D35 was added. For the BD:D35 samples, no shifts of the HOMO level
or the Ru3d core level could be detected, as shown in Figure 4.13(b). The rea-
son for the different behaviour of Z907 and BD when co-adsorbed with D35 is
most likely due to the difference in adsorption configuration changes, i.e. the
suppression of the interaction between NCS and TiO2.

As a summary, DPA at high concentrations affects the interaction between
Z907 and the TiO2 surface in a non-beneficial way from the perspective of
DSC function. However, the energy level alignment between dye and TiO2
is not affected by the presence of DPA. Co-adsorbing Z907 with D35 in-
duces changes in the adsorption configuration of Z907, suppressing the in-
teraction between the thiocyanate ligands and the TiO2 surface. At the same
time, changes in the electronic structure are detected for Z907 by the means of
core level and HOMO level shifts. This is presented in Paper III. For BD:D35,
the interaction between thiocyanate ligands and TiO2 is suppressed but to a
smaller extent compared to Z907. No shifts in energy level alignment were
detected, as presented in Paper IV. The changes at a molecular level indicate
that the co-adsorption process takes place in a collaborative way both for Z907
and BD. Common for all the samples is that an excess of D35 to Ru-dye is al-
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Figure 4.13. The outermost part of the valence band of the Z907:D35 (a) and BD:D35
samples (b). The vertical lines show the position of the HOMO level. The spectra in
(a) were measured using a photon energy of 150 eV and (b) 454 eV.

ways observed at the TiO2 surface as compared to the concentration ratio in
sensitization solution.

4.2 Other semiconductor electrodes
In this section, different substrates have been used. In Paper V, a mesoporous
TiO2 morphology showing promising results for the use in solid state DSCs
has been investigated. Paper VI focuses on adsorption of different molecules
to the p-type semiconductor NiO, ultimately leading to mixed molecular layers
on NiO.

4.2.1 TiO2 morphology for solid state DSCs
The function of the solid state DSC (ssDSC) is dependent on the ability of the
hole conductor to penetrate into the pores of the semiconductor. This limits
the thickness of the TiO2 film and thereby also the light harvesting efficiency.
As of today, this is one of the greatest challenges before truly high efficiency
ssDSCs can be realized. For this reason, a lot of research on different TiO2
morphologies, e.g. nanotubes [143], ordered nanorods [144] and mesoporous
single crystals [145] has been done. However, the use of different morpholo-
gies often come at the expense of lower accessible surface area per unit thick-
ness of the TiO2 film. Therefore, the interest for "normal" mesoporous films
with high surface area and controllable and changeable pore sizes has grown
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lately. In liquid-based DSCs, a microbead (MB) TiO2 morphology compris-
ing sub-µm-µm anatase TiO2 particles has shown great promise with power
conversion efficiencies of over 10 % [146–148]. The size of the pores and
the overall porosity of an MB electrode can be changed in a controlled way,
making MB a good candidate for the use in high efficiency ssDSCs. Fur-
thermore, the larger size of the microbeads as compared to the normally used
TiO2 particles (around 20 nm) increases the diffuse light scattering in the elec-
trode paving the way to higher LHE. In Paper V, we compared standard TiO2
(Dyesol DSL 18 NR-T, referred to as DSL in the text) to MB as well as the per-
formance of ssDSCs comprising these electrodes sensitized by LEG4 [53, 54]
(see Figure 4.1) with spiro-OMeTAD as a hole conductor.

A summary of the solar cell performance of MB and DSL based ssDSCs is
shown in Table 4.3. DSL has a higher JSC, FF and power conversion efficiency
while MB produces the highest open circuit voltage. The power conversion
efficiency of the MB based ssDSC was the highest reported using a different
TiO2 morphology.

Table 4.3. Summary of solar cell characteristics of ssDSCs comprising MB and DSL
working electrodes sensitized with LEG4 and using spiro-OMeTAD as hole conductor.
VOC is the open circuit voltage, JSC is the short circuit current density, FF is the fill
factor and η is the power conversion efficiency.

Sample VOC (V ) JSC (mAcm−2) FF η (%)

MB 0.86 7.9 0.52 3.5
DSL 0.81 10.3 0.70 5.8

To understand why MB gives a higher open circuit voltage, the un-sensitized
electrodes were studied using PES. Figure 4.14 shows the Ti2p core level mea-
sured with photon energies from 758 - 6000 eV, i.e. from surface to bulk sensi-
tive measurements. As can be seen, all spectra are similar indicating both that
each sample is homogeneous in itself and that MB and DSL are very similar,
i.e. no difference in the amount of Ti3+ is seen.

As shown in Paper V, the valence bands probed with photon energies from
1487-6000 eV show the same behaviour. However, when studying the valence
bands with a lower photon energy (150 eV) as shown in Figure 4.15, we ob-
serve differences. The valence band edge is on the left hand side of the figure,
meaning that the features observed above it are trap states in the band gap.
There are significantly more trapped electrons in the DSL film as compared to
MB. In the PES measurements, these states are occupied but in a DSC they
can be depleted in contact with the dye and the hole conductor. Thus, in a
DSL DSC there are significantly more (empty) trap states to fill with electrons
injected from the dye as compared to MB DSCs. This is also seen from the
longer electron transport time for DSL presented in Paper V. In the paper, we
also show evidence for complete pore filling of spiro-OMeTAD in the thicker
MB film.
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Figure 4.14. Ti2p core levels of MB and DSL TiO2 electrodes measured with different
photon energies. The spectra are strikingly similar.

The conclusions of Paper V is that the lower number of trap states in MB
causes the higher open circuit voltage and shorter electron transport time within
the TiO2 film and that the MB morphology shows great promise for the use in
ssDSCs providing thicker TiO2 films with good hole conductor pore filling.
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Figure 4.15. Outermost parts of the valence bands of MB and DSL TiO2 measured
with a photon energy of 150 eV. The valence band edge is at the left in the figure, so
the features above it are trap states in the band gap.

4.2.2 Towards mixed molecular layers for the use in p-type DSCs
The power conversion efficiency of p-type DSCs is much lower than for their
n-type counterpart [10]. One reason for this is the fast recombination after
hole injection from the sensitizer into the valence band of NiO [149]. One
way of lowering the recombination is by synthesizing new tailored sensitizers,
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mostly by distancing the electron acceptor unit from the p-type surface leading
to a longer lifetime of the excited state [150, 151]. Porphyrin dyes have shown
high power conversion efficiencies in n-type DSCs [152] and the fast charge
transfer process from porphyrins to C60 derivatives [153–157] suggested that
this combination could be used to inhibit recombinations and thereby increase
the power conversion efficiency of the DSC. The C60 derivative is expected
to coordinate to the metal (most commonly Zn) center of the porphyrin via
a nitrogen atom in its structure. In Paper VI, we investigated the interaction
between two porphyrins (TCPP and ZnTCPP) with the fullerene derivative
C60PPy (see Figure 4.3 for chemical structures). Samples were prepared by
sequential sensitization of NiO in porphyrin and fullerene. The samples are
referred to by the order of sensitization, e.g. ZnTCPP/C60PPy means that the
NiO was sensitized first by ZnTCPP and then by C60PPy. The investigation
was carried out on DSC performance as well as by PES measurements on
sensitized NiO electrodes.

A summary of the solar cell characteristics of the DSCs comprising ZnTCPP
is presented in Table 4.4. The data in the table are an excerpt from Paper VI.
ZnTCPP/C60PPy outperforms the other samples, giving the most efficient so-
lar cell. To understand why, sensitized NiO films were studied using PES.

Table 4.4. Part of the solar cell characteristics of p-type DSCs presented in Paper VI.
VOC is the open circuit voltage, JSC is the short circuit current density, FF is the fill
factor and η is the power conversion efficiency.

Sample VOC (V ) JSC (mAcm−2) FF η (%)

ZnTCPP 0.12 0.5 0.40 0.02
ZnTCPP/C60PPy 0.16 1.5 0.38 0.09
C60PPy/ZnTCPP 0.13 1.0 0.37 0.05

The N1s core level spectra of the NiO based samples together with an un-
sensitized NiO electrode are shown in Figure 4.16 with their corresponding
curve fits. All samples containing a porphyrin, i.e. all but C60PPy and NiO
are strikingly similar with two nitrogen species, as seen from the curve fits.
The peak at a binding energy of 400.5 eV is assigned to protonated nitrogen,
while the peak at 398.5 eV comes from de-protonated nitrogen. These peaks
are characteristic for metal-free porphyrins [158], e.g. TCPP. For ZnTCPP, a
single peak in the N1s spectra is expected. The presence of two peaks sug-
gests that the Zn atom is detached from the molecule and that part of the
nitrogen atoms get protonated instead [159]. However, for ZnTCPP/C60PPy
a third feature is observed at a binding energy of 399.5 eV, and it is assigned
to Zn ligated nitrogen [160]. This suggests that the adsorption configuration
of ZnTCPP changes when C60PPy is added.

Zn3d was studied by measuring the valence band of the samples, as shown
in Paper VI, and subtracting the valence band of NiO from the sensitized sam-
ples. The subtraction is shown in Figure 4.17. Zn3d appears at a binding
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Figure 4.16. N1s spectra of the NiO based samples measured with a photon energy of
540 eV.

energy of 10.6 eV for all samples containing ZnTCPP. The binding energy
distance between C1s and Zn3d is indicative of neutral zinc, suggesting that
the Zn binds to the NiO surface and reduces to Zn0. This also indicates that
zinc is removed from the porphyrin molecule.
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Figure 4.17. Subtraction of the valence band of un-sensitized NiO from the sensitized
samples, to visualize the Zn3d core level. Based on measurements performed with a
photon energy of 454 eV, presented in Paper VI.
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In Paper VI, the O1s core level spectra of all samples are shown. To de-
duce the effects of sensitization, a spectrum subtraction was performed in a
similar manner as for the valence bands. The result of the subtraction is dis-
played in Figure 4.18. All samples containing porphyrin show two features in
the subtracted spectra. The one at higher binding energy is assigned to proto-
nated oxygen, while the one at lower energy correspondingly to de-protonated
oxygen [159]. ZnTCPP/C60PPy shows a significantly higher -OH signal than
the other samples. Given the surface sensitivity of PES, this indicates that
the carboxylic acid groups are most visible, i.e. pointing outwards, for the
ZnTCPP/C60PPy sample as compared to the others. The interpretation is that
ZnTCPP and TCPP on their own adsorb to NiO in a lying down configura-
tion, i.e. using a majority of the anchoring groups causing the molecules to
adsorb flatly to NiO, which is supported by FT-IR measurements presented
in Paper VI. Adding C60PPy causes some of the ZnTCPP molecules to in-
stead adsorb in a standing up configuration with some of the anchoring groups
now pointing outwards, accounting for the increased -OH feature in the sub-
tracted spectra. This further strengthens the adsorption configuration change
for ZnTCPP/C60PPy.
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Figure 4.18. Subtraction of the the O1s core level of un-sensitized NiO from the
sensitized samples, to show oxygen species originating from the sensitization process.
Based on measurements with a photon energy of 758 eV, presented in Paper VI.

All together, the addition of C60PPy to ZnTCPP induces an adsorption con-
figuration change of ZnTCPP allowing C60PPy to coordinate to it. The out-
come of this is faster charge transfer and slower recombination, as shown in
Paper VI, ultimately leading to a more efficient DSC.

60



5. Outlook

The work presented in this thesis shows that PES is a useful tool to study the
sensitized working electrode of DSCs. The main focus has been to study the
geometrical and electronic surface structure of single dyes and mixed molec-
ular layers at mesoscopic oxide interfaces.

To further understand the effects of mixed molecular layers in DSCs, more
thorough investigations of co-adsorbed systems would be beneficial. By ex-
panding the study to also include other kinds of dye molecules, e.g. por-
phyrins, metal-organic dyes based on other metals than Ruthenium and differ-
ent organic dyes, the process of co-adsorption and collaborative sensitization
could be better understood. A natural start would be to investigate the dual
dye system showing the current record power conversion efficiency [9].

Co-adsorbed dye systems are very complex. Pump-probe techniques, i.e.
excitation by a light source (pump) followed by another light source to mea-
sure the excited system (probe), can be used to study fast processes in a sys-
tem. From the solar cell perspective, this could be used to study the excited
state of dye molecules and follow the charge transfer within the cell. These
kinds of measurements need pulsed light sources with short pulses and have
traditionally been performed using lasers for both pump and probe. Lately,
the emergence of techniques using laser pump pulses and X-ray probes has
made it possible to study both the valence region and the core levels of the
excited system. These measurements could be performed at synchrotrons, X-
ray free electron lasers (XFELs) or in a lab with a high-harmonic generation
(HHG) source. Measurements of this kind could assist in understanding the
complexity of the mixed systems.

The studies discussed above have all concerned the interface between dye
and a mesoporous oxide substrate, i.e. not a complete DSC. Furthermore, all
measurements have been performed in vacuum which is not the normal oper-
ating conditions of a DSC. Measurements under more realistic circumstances
give valuable insights into the functional properties. This could be studied us-
ing high pressure (ambient pressure) PES, where the sensitized mesoporous
oxide could be probed in the environment of the liquid electrolyte to include
also solvation effects from the electrolyte.

The ultimate measurement, to really gain insight into these systems would
be to include a solar simulator into the high pressure PES measurements and
perform in operando measurements. Coupling the interfacial properties, ob-
tained by PES, to the solar cell performance could increase the understanding
of how the electronic and geometric surface structure affects the overall per-
formance of the cell under operating conditions.
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In short, also the future development of the DSC will require detailed knowl-
edge of the interface at an atomic level. Samples where the mixture of dyes can
be controlled together with the possibilities described above will contribute to
this development in a way that is difficult with other techniques. For exam-
ple by identifying structures that limit the power conversion process in ways
similar to what has been introduced in the present thesis.
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6. Svensk populärvetenskaplig
sammanfattning

6.1 Energianvändning
Energiproduktionen i världen domineras av icke förnybara energikällor, främst
fossila bränslen. Den globala energianvändningen ökar för varje år samtidigt
som de fossila bränslelagren minskar. Dessutom medför användningen av fos-
sila bränslen ökade utsläpp av växthusgaser, främst koldioxid. En ökad andel
förnybar energiproduktion är ett måste för att klara av energiförsörjningen i
framtiden. Förnybara energikällor (dit räknas vatten-, vind- och solkraft samt
geotermisk energi) bidrar inte till utsläppen av koldioxid. Omkring 24 % av
världens elektricitet kom från förnybara energikällor under 2015 [1]. I Sverige
är läget ett annat än i stora delar av övriga världen. Kärn- och vattenkraft står
vardera för ungefär 40 % av elektriciteten [4]. Vindkraft står för 7 % [4] me-
dan solkraft enbart står för 0,06 % [4, 5], men nyinstallationen av solceller är
hög. Siffrorna ovan avser endast produktionen av elektricitet. Fordonssektorns
energiförbrukning, som domineras av fossila bränslen, är inte medräknad.

Varje år träffas jorden av 600 TW användbar energi från solen [2]. Det är un-
gefär 40 gånger mer än den årliga globala energikonsumtionen. Möjligheterna
är således goda för att öka produktionen av solel. Energin från solljuset kan tas
tillvara med hjälp av solceller. En solcell absorberar fotoner från solljuset och
omvandlar energin direkt till elektrisk energi. Kiselbaserade solceller domi-
nerar marknaden och kan ha en verkningsgrad på ca 25 %. Kostnaden för att
tillverka kiselbaserade solceller har begränsat användningen. Under de senaste
25 åren har andra solcellstekniker, som andra halvledare, olika organiska sol-
celler och färgämnessensiterade solceller utvecklats för att ta upp kampen mot
kisel. Verkningsgraden hos dessa typer av solceller är lägre än för kiselbase-
rade solceller, men produktionskostnaden har potential att bli avsevärt lägre. I
inomhusmiljöer, där ljusstyrkan är lägre och ljuset finns i ett annat våglängds-
område än utomhus, [8] har användningen av färgämnessensiterade solceller
visat sig mycket lovande. Färgämnessensiterade solceller har en mycket högre
verkningsgrad än andra typer av solceller vid inomhusbruk. Tänkbara använd-
ningsområden är bl.a. att integreras i laddare för olika elektroniska produkter,
som t.ex. mobiltelefoner och surfplattor.

Arbetet som presenteras i denna avhandling kretsar kring förståelsen av
gränsskikt i färgämnessensiterade solceller. Den ytkänsliga och elementspeci-
fika metoden fotoelektronspektroskopi (PES) har använts för att studera aktiva
gränsskikt i denna typ av solceller.
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6.2 Färgämnessensiterade solceller
En artikel som publicerades 1991 visade att färgämnessensiterade solceller
kan omvandla ljus till elektrisk energi med en verkningsgrad på omkring 7 %
[7]. Sedan dess har intensiv forskning bedrivits och mängder av artiklar har
publicerats [10]. Färgämnessensiterade solceller har en enkel struktur, vilket
gör dem billiga att producera jämfört med andra typer av solceller. En färgäm-
nessensiterad solcell innehåller två elektroder separerade med en redoxmedia-
tor som kan vara antingen en flytande elektrolyt eller ett fast hålledarmaterial.
En majoritet av arbetet i denna avhandling rör färgämnessensiterade solcel-
ler med elektrolyt, vilket används i diskussionen nedan. En schematisk figur
som visar en färgämnessensiterad solcell finns i Figur 6.1, där pilarna visar
elektronöverföringar i cellen under belysning. I solcellen absorberas ljus vid
den ena av elektroderna (arbetselektroden) genom att ett eller flera färgäm-
nen som är adsorberade (bundna) till en mesoporös halvledarfilm absorberar
fotoner. I denna avhandling har halvledarna titandioxid (TiO2) och nickelox-
id (NiO) studerats. Absorptionen av en foton gör att en elektron i färgämnet
lyfts från grundtillståndet (F) till en högre nivå (F∗), varifrån den kan injiceras
in i halvledaren. Färgämnet saknar nu en elektron och är positivt laddat, (F+).
Elektronen återfås från elektrolyten (Eredox) så att färgämnet återgår till grund-
tillståndet (F) igen och ljus kan åter absorberas. Från halvledaren leds elektro-
nerna ut till en yttre krets där de kan utföra elektriskt arbete, för att sedan åter-
föras till systemet genom den andra elektroden (motelektroden). Elektrolyten
återfår elektroner från motelektroden, vilket sluter kretsen.

E
redox

Last

hν

F*/F+

F/F+

Figur 6.1. Schematisk illustration av en färgämnessensiterad solcell. Solen lyser på
solcellen där färgämnet absorberar en foton, vilket leder till att en elektron exciteras
till en högre nivå. Elektronen injiceras in i titandioxidfilmen (symboliserad av de röda
bollarna) och leds ut i en krets där den kan utföra arbete. Färgämnet, som nu saknar en
elektron, får tillbaka denna från elektrolyten och kan därmed åter absorbera en foton.
Elektrolyten återfår elektroner från den yttre kretsen.
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6.3 Fotoelektronspektroskopi
Fotoelektronspektroskopi (PES) är en elementspecifik metod med hög ytkäns-
lighet. Ett prov belyses med röntgenstrålning med en känd energi, vilket frigör
elektroner från provet. Genom att mäta den kinetiska energin hos de frigjorda
elektronerna och veta fotonenergin kan elektronernas bindningsenergi i pro-
vet beräknas. Elektroner från varje energinivå (orbital) i varje element har en
specifik bindningsenergi. Genom att beräkna bindningsenergin och räkna hur
många elektroner som har en given energi kan ett spektrum erhållas. I Figur 6.2
visas processen schematiskt tillsammans med ett exempel på ett spektrum.

Röntgenstrålningen kan produceras på olika vis: labbkällor producerar rönt-
genstrålning med en specifik fotonenergi, medan synkrotroner ger strålning
med varierbar fotonenergi.
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Figur 6.2. Figuren visar hur PES fungerar. T.v. en schematisk figur över principen
bakom PES, där röntgenljus med känd energi, hν , infaller på provet och en elektron
emitteras som en följd av detta. Energin på elektronen mäts och antalet elektroner
för en given energi räknas för att erhålla ett spektrum. T.h. ett översiktsspektrum,
som visar alla element som finns i provet, för färgämnet D35 på TiO2 mätt med en
fotonenergi på 758 eV.

6.4 Resultat
I arbetet som presenteras i denna avhandling har fotoelektronspektroskopi
(PES) använts för att studera halvledare sensiterade med olika färgämnen. I
Artikel I jämförs två färgämnen som trots snarlik kemisk struktur ger solceller
med olika verkningsgrad. Inga skillnader upptäcks varken i hur färgämnena
binder till titandioxiden eller i deras energinivåer. Däremot observeras skillna-
der i mängden färgämne på ytan. Skillnaden i verkningsgrad beror enbart på
ytans geometri.

Färgämnen är generellt sett känsliga för värme, så i Artikel II undersöks hur
två färgämnen påverkas av värmebehandling. Verkningsgraden sjunker med
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mer än 90 % för båda och för det ena färgämnet ändras bindningen till titandi-
oxiden. Detta leder till skiftade energinivåer och ökad rekombination, medan
det andra färgämnet går sönder och delar av det lossnar när det värms.

Att kombinera färgämnen är ett sätt att öka ljusabsorptionen i en solcell.
Artikel III och IV visar med hjälp av PES att två färgämnens bindning till
titandioxiden ändras på ett sätt som är fördelaktigt för solcellsfunktionen när
de kombineras med ett annat färgämne.

Artikel V jämför solceller baserade på titandioxid med olika morfologier.
En ny morfologi som är lovande för fasta solceller ger högre spänning när den
används i solceller. Med hjälp av PES visas att det beror på att det finns färre
fällor i titandioxiden som elektroner kan fastna i efter att ha injicerats från
färgämnet.

Solceller baserade på NiO har ofta problem med rekombination, vilket be-
gränsar deras verkningsgrad. I Artikel VI visas att ett färgämnes bindning till
nickeloxid kan ändras när det kombineras med en liten molekyl på ytan. Det
får till följd att rekombinationen minskar och verkningsgraden ökar med en
faktor 4.

Projekten har gett en ökad förståelse kring strukturer på ytan, både geo-
metriska och elektroniska. PES har gett fördjupade insikter i hur färgämnen
påverkas på molekylnivå när de kombineras med andra färgämnen och mole-
kyler på en halvledaryta.
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