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Abstract

Future solar cells need to be cheaper, more efficient and produced in an environmental
friendly way to be a competitive and sustainable alternative for solar energy conversion.
The emerging dye sensitized solar cells (DSSCs) might be able to meet future demands
regarding price, structural flexibility and environmental issues, but for the time being,
their potential as a competitive and viable alternative is hampered by low energy con-
version efficiencies and stability issues. A most central process in the conversion of
sunlight energy directly into electric energy, is the photon to charge carrier conversion
which takes place in the photoactive part of the solarcell. To achieve a high incident pho-
ton to charge carrier efficiency (IPCE), efficient absorption of incoming sunlight over a
wide range of wavelenghts is needed. The use of plasmonic effects generated by metal
nanoparticles (MNP) in combination with a sensitizing dye is an interesting approach
to increase the IPCE for DSSCs. In this work, effects on cell energy conversion efficiency
of adding gold nanoparticles (GNPs) have been studied. Spherical GNPs of diameter 5,
10 and 40 nm, embedded in the photoactive layers have been studied in combination
with three different sensitizing dyes; Ruthenizer 455-PF6, Ruthenizer 620-1H3BTA and
Sensidizer SQ2. Cells without dye were also included in the study. TiO2 was used as
semiconductor material in thin(< 1µm ) photoactive layers. Complete DSSCs contain-
ing gel electrolyte have been built and characterized with I-V graphs using different
light intensities of 0.11, 0.55, 0.79 and 1.0 sun.

The results clearly show that the cell efficiency can be improved by using GNPs this
way, it was also shown that certain combinations of dye and GNP sizes affected cell effi-
ciency more positive than others while addition of GNPs to cells without dye sensitizer
affected the efficiency negatively. Most positive results were achieved using the organic
dye Ruthenizer 455-PF6 in combination with 40 nm GNPs, showing relative efficiency
increase well above 25 %.
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always a source of inspiration, provided some important and useful facts about light in-
tensity measurements, thank you for that. And last but not least I also want thank Eddy
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1 ENERGY SUPPLY

1 Energy supply

1.1 Motivation

The total population of the earth is growing and the estimate for 2015 is 7.2 billion
people living on earth. By the year of 2024 the population is estimated to 8 billion [1],
and many of the fast growing populations are in the undeveloped regions of the world
[2]. As these regions develop, the world is facing fast growing populations which are
also developing into a more energy consuming lifestyle, resulting in a huge increase in
total needed energy production. The energy consumption is estimated to increase by 56
% over the next three decades. Figure 1 shows some historic and projected data of the
total world energy consumption from 1990 to 2040 [3], the energy unit in the figure is
quadrillion British thermal units1 (QBTU).

Figure 1: Diagram showing historical and projected total annual energy
consumption of the world for the time period 1990 - 2040.

This makes humanity facing a significant increase in global demand for energy.
Finding energy sources and building infrastructure to meet this demand, even in remote
places, is quite a challenging task. These facts in combination with severe environmen-
tal problems connected to energy production from fossil fuels makes it an urgent and
very challenging problem to solve. To meet all requirements, this end up with the task
of producing more energy in a sustainable way, at a cost competitive to the existing sys-
tems. In addition to low cost, a huge advantage for the fossil fuels is their flexibility,
these fuels can be used in both small and large scale systems and work well for station-
ary as well as mobile applications. Fossil fuels also have high energy density and can
1 1 QBTU = 1015 BTU, 1 BTU = 1055.1 J.
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1 ENERGY SUPPLY 1.1 Motivation

easily be transported and stored without considerable loss. At the end users, they can
be used in different ways, covering applications from high technological combustion
engines to just burning them for heat production.

To succeed in competition with existing systems, the most probable approach will
be looking for solutions in many different fields and combine different technologies
to achieve efficient and reliable production systems. The efforts that are put in to find
smart energy saving solutions are not enough to solve the problem. The main issue here
is to find new, clever and sustainable solutions, and to improve some existing ones, to
produce the needed energy.

If the International Panel on Climate Change (IPCC) goal of at most 2 degrees in-
crease of the global average temperature is to be achieved, the energy supplied from
fossil fuels, or the environmental effects from it must be reduced. In Sweden, the goals
for renewable energy is that by 2020, at least 50 % of the produced energy should be
renewable energy [4]. Solar energy is one of the alternatives that is considered having
a large potential to replace energy produced from fossil fuels [5]. One of the most at-
tractive alternatives to address these problems is probably using some concept of solar
energy utilizing solar cells as direct energy converters.

Looking in a time perspective, short in comparison to geological eras, almost all en-
ergy sources except nuclear and fossil can be regarded as solar energy. The energy from
the sun drives: the vaporization from the oceans which in the end gives us hydropower
from the rivers, the photo synthesis processes that will store up energy in biomass and
the winds around the world are driven by heat gradients caused by different amount of
power irradiated from the sun at different places. However, in this report, solar energy
is defined as energy converted directly from the sunlight. Within this definition there
are still different ways of energy conversion, one is to use the sunlight as a heat source,
heating some material and then either use the heat directly or, use some intermediate
conversion to mechanical or electrical energy. Another way is to convert the energy in
the sunlight directly into electrical energy. In this report, it is the direct conversion of
optical energy in the sunlight into electrical energy that is considered.

It is not just the environmental arguments that suggests the use of solar energy in
general and photovoltaic (PV) devices in specific. Using solar cells as energy converters
has many advantages but there are also some disadvantages [6], these are listed in Ta-
ble 1 on the next page.

2



1 ENERGY SUPPLY 1.2 The potential of solar energy

Table 1: Advantages and disadvantages of using PV systems for energy supply

Advantages Disadvantages

The fuel source, the sun, is enormous, Energy density of sunlight is relatively low
basically infinite in human lifetime Fluctuating light intensity at the surface of earth

Possibilities to match daily output and need
High public acceptance Better energy storages needed
High safety

Low operation costs, no fuel needed
Operation temperature = ambient temperature
No moving parts in the devices High cost of installation
No emissions, does not contribute to pollution
High reliability
Silent devices, no disturbing noise

Can be installed near end users,
even in remote places System integration and installation
Relatively quick and simple installation not available widespread
Modular installation, large or small scale possible
Possible to integrate in existing structures

1.2 The potential of solar energy

The amount of sunlight energy that is irradiating the earth is enormous. A calculation
that also takes the albedo of the earth into account, shows that the solar radiation pow-
ers the earth with some 120 PW (120·1015W) [7]. Using this as an average power, the
total annual energy reaching the surface of earth will add up to 3.78·1024 J = 3.59 ·106

QBTU. Comparing this to the estimated annual consumption for 2020 of 620 QBTU, it
is obvious that with adequate converters, the sunlight can provide the modern world
with all the needed energy.

The solar cell as an energy converter is well suited for both large and small systems,
this makes an energy supplying system based on these devices quite flexible. Solar cells
can operate in large or small scale, independently or integrated in systems. The use of
solar cells for energy conversion makes it possible to produce energy near end users,
even in remote places where grid infrastructure is missing. In modern systems where
electrical energy is already accessible via the grid, smaller systems of solar cells can be
used to cover local need and possible surplus can be added to the grid. Solar and wind
power systems are sensitive to weather conditions and the cyclic variations of light.
However, if a combination of different renewable systems and energy storages is used,
the system as a whole will be less sensitive to these variations.

3



1 ENERGY SUPPLY 1.2 The potential of solar energy

In a future vision, solar cells might be part of a concept called the hydrogen econ-
omy, this is thought to work as a global energy supplying system where energy would
be stored and transported as chemical energy, using hydrogen as the main energy car-
rier. In this system hydrogen, is primarily produced from electrolysis of water, using
electricity only from renewable sources. At the end users, the energy can be converted
into electric energy using fuel cells which produce water during this process. Solar cells
would be one of several sustainable choices of energy converters that could fit well into
this system, provided they can be manufactured in a sustainable way and produce elec-
tricity at a competitive cost. A cycle of a simplified model for a hydrogen economy
concept is depicted in Figure 2.

Figure 2: Schematic picture of the fundamental components in a hydrogen economy
model powered only by renewable energy.

To be able to realize these ideas and utilize the enormous amount of energy pro-
vided by the sun, some issues have to be addressed. Basically all the steps in an energy
supplying system like the hydrogen economy need to be improved in some way. At the
first stage, where the sustainable energy should be produced and put into the system,
the cost is one of the most central issues. The fossil and nuclear alternatives are still
very cheap in comparison, so if energy from solar cells should be able to compete, the
cost must be reduced significantly from present levels. If the alternatives among the
different types of solar cells is compared, the dye sensitized solar cells(DSSCs) might be
the strongest candidate for really cheap and rational large scale production. However,

4



1 ENERGY SUPPLY 1.3 History of solar cells

this type of cells are not yet a fully competitive alternative, mostly due to their poor
efficiency and unstable performance over time.

1.3 History of solar cells

A solar cell is a PV device that works on the principle of the PV effect, this effect was first
discovered by the french scientist Alexandre Edmund Bequerel in 1839. Almost 50 years
later, in 1883 the first functional, intentionally PV device was made by the American in-
ventor Charles Fritts. In his notes it can be read ”the current, if not wanted immediately,
can be either stored where produced, in storage batteries, or transmitted a distance and
there used”. By writing this, Fritts predicted already some 130 years ago, the present
use of the PV devices called solar cells for energy production [6].

In 1954, researchers at Bell Labs in the USA, accidentally discovered that voltage
could be generated when room light was irradiating pn-junction diodes, this discovery
basically marks the start of the modern era of PVs. In the following years, PV devices
were developed in different ways using new approaches and improved results were
reported frequently. 1973 was an important year in the history of solar cells, both in
technical and non technical terms. This year the relative efficiency for the state of the
art Si solar cells were improved by 30 %. As a result of the Cherry Hill Conference
that year, the US Energy Research and Development Agency was formed, this was the
world’s first governmental group that should work with research on renewable energy.
In addition, 1973 was the year of the first world oil embargo and this came to be the
start signal for many governments to implement programs for development of renew-
able energy in which solar energy came to play a central role [6].

In 1999 the total installed PV reached 1000 MW and in 2002 it reached 2000 MW, so
it took about 25 years to install the first 1000 MW, and then this figure was doubled in
just three years. The years following 2002, the annual and cumulative installation of PV
increased significantly. This development is depicted in Figure 3a and 3b on the next
page with graphs based on data from U.S. Energy Information Administration (EIA).
Until 2012 the largest annual increase in installation has been in Europe, but in 2013
the leading role was taken by China [3]. If numbers for annual consumption and total
installed PV are compared for 2010, it shows that the installed PV is only about 0.2 % of
the annual consumption that year.

5



1 ENERGY SUPPLY 1.4 Different types of solar cells

(a) (b)

Figure 3: a, Annual installed PV power in the period 2000 - 2013. b, Cumulative installed PV
power in the period 2000 - 2013

1.4 Different types of solar cells

Many different techniques and materials can be used to construct a solar cell and up to
today, a great variety of different types have been developed. A presentation covering
all types would be to extensive for this report, therefore in the following, just a few basic
types will be presented briefly. In literature it is common to divide the different types
of solar cells into generations. This division into different generations can differ a bit
from one text to another, but nevertheless, it places the different approaches and types
of devices in some chronological order. A summary showing different cell types and
their efficiency development over the years in the period of 1975 to 2015, is presented
by National Renewable Energy Laboratories(NREL)[8] and a more specific presentation
of efficiencies, is presented by M. Green et. al. [9].

First generation technologies

The most common solar cell of today is the crystalline silicon type, representing the
first generation technologies, this means cells made from large grain multicrystalline or
singlecrystalline materials. These cells are single junction cells which means that they
are efficiency limited by the Schockley Queisser limit (SQ limit), see Section 3.4. The-
oretically this limits the ideal single junctions cell efficiency to ∼ 30 % under AM 1.5
direct sunlight conditions and ideal Si cells to ∼ 29 %. In real cells there are always par-
asitic losses which make these efficiencies very hard to achieve in practice. Drawbacks
for these cells are high costs due to complicated production methods and high material
consumption due to the fact that Si is an indirect bandgap semiconductor. Indirect band
gap causes lower absorption and therefore thicker absorbers are needed to achieve suf-
ficient absorption, this is described in Section 3.3.1. Without light concentrators, the best
cell efficiencies of 25 % are reported for crystalline Si cells [9].

6



1 ENERGY SUPPLY 1.4 Different types of solar cells

Second generation technologies

Much effort has been focused on finding new materials and technologies for the next
generation of solar cells which includes the thin film solar cells. The aim was to find
solutions that do not require use of crystalline Si or Si-wafer substrates, this would al-
low for both simpler production methods and less material consumption. Progress has
been made here, and some examples with promising development are devices based
on thin layers of CdTe, Cadmium Indium Gallium Selenide (CIGS) and amorphous Si.
These devices can be produced using large area techniques which is promising consid-
ering cheap and rational production. However, some of the materials used here are not
environmental friendly and in most cases, the devices produce far below their poten-
tial maximum efficiency. The promising high efficiency research results have proven
quite hard to realize in practice. Manufacturing costs and device efficiencies have to be
improved if these devices are going to be competitive on the market.

Third generation technolgies

Dye sensitized solar cells (DSC, DSSC) or Grätzel cells, are a kind of hybrid cell em-
ploying both semiconductor materials and some photosensitizing dye to improve the
absorption of photons. In these devices, a junction is formed between the semiconduc-
tor and the dye, and the excitation of electrons and regeneration of the dye is going on in
a three dimensional structure of semiconductor, dye and electrolyte. As semiconductor,
TiO2 is the most common choice because it is a cheap, non toxic and stable material. The
dye is needed to ensure an acceptable absorption of photons. The TiO2 itself can absorb
photons but due to its wide band gap of ≈ 4 electron volt(eV), most of the photons in
the sun spectra will just pass through if it is used without some sensitizing dye.
The properties of the dye in a DSSC is crucial for the function of the cell. Some require-
ments for a good dye are: it should be a good absorber of photons in the interval of
the sunlight spectrum, the lowest unoccupied molecular orbit (LUMO) level should be
higher but comparable to the conduction band (CB) level of the TiO2, it should be able to
stay in service for a period of 20 years without considerable loss of efficiency, be chemi-
cally stable under light irradiation and be stable to desorption from the semiconductor
material [10]. The DSSC has a great advantage in that the charge separation takes place
at the interface between the dye and the semiconductor, and the charge transportation
takes place in the semiconductor and the electrolyte separately. This separation makes
it possible to optimize the spectral properties of the dye alone, while the charge carrier
transport properties can be improved by changing the composition of the electrolyte
and the semiconductor separately [11].

7



1 ENERGY SUPPLY 1.5 The aim of this work

1.5 The aim of this work

The aim of this work was to address the poor efficiency of DSSCs by utilizing nanoplas-
monic effects from metal nanoparticles. The chosen approach here was to study effects
on cell efficiency of gold nano particles (GNPs) dispersed in the photoactive part of a
DSSC. The effects were explored by building and characterizing dye sensitized solar
cells with gold nano particles of different amount and size dispersed in the TiO2 layer
on the anode. The characterizing measurements were carried out under different inten-
sity of light irradiation.

The study included both cells with sensitizing dye and cells containing no dye.
For the sensitized cells the metal organic dyes: Ruthenizer 455-PF6, Ruthenizer 620-
1H3TBA and the organic Sensidizer SQ2 were used.

The focus has mainly been on the effect on the over all cell efficiency but other prop-
erties connected to cell performance, such as fill factor, open circuit voltage and short
circuit current have also been studied.

To set a framework for this work, both methods and materials had to be considered.
To choose materials for the cells to investigate, some literature studies was carried out
to take advantage of earlier results in this field. A discussion and a declaration of the
decisions based on that study, is presented in Section 2.
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2 CHOICE OF MATERIALS

2 Choice of materials

With the aim to study effects of gold nanoparticles (GNPs) dispersed into the photoac-
tive part of DSSCs i.e. into the anode, the focus was mainly on the GNPs and their
interaction with the photosensitizing dye and the semiconductor. This included consid-
erations of what size and amount of the GNPs to be used as well as choice of electrolyte,
dyes, composition of TiO2 slurry and thickness of photoactive layers. In the following,
some effects concerning the use of GNPs and the choice of materials for this work are
discussed.

2.1 Gold nanoparticles

The use of plasmonics for solar cell improvements is a very active and wide area of re-
search with the aim set for direct manipulation of light in wavelengths within the visible
interval [12].

Theoretically, positive effects on DSSC efficiency of adding GNPs was expected due
to enhanced photon absorption, caused by the plasmonic effect from the GNPs under
light irradiation. There are many reported results, showing that metal nanoparticles
(GNPs) added in the anode material actually have potential to increase the energy con-
version efficiency of the cells [13, 14, 15].

Two approaches within the field of using plasmonic effects in solar cells that have
got much attention are: enhanced probability of photon absorption by scattering of the
incident light and using near field effects to excite electrons in the photosensitizing dye
or in the semiconductor material. Both of these effects can be achieved by adding GNPs
into the photoactive structure of the solar cell. The photo active part of a DSSC consists
of a semiconducting material in combination with a sensitizing dye, both contacting
the electrolyte and the electronic conductive substrate. Adding GNPs into this concept
means that there will be GNPs, semiconductor, dye and electrolyte, all together in a
three dimensional structure resulting in simultaneously ongoing complicated processes.
These processes which are also affecting each other, are not yet completely understood.
Examples of these processes are; exciting electrons from highest occupied molecular or-
bital (HOMO) levels to LUMO levels in the dye, injecting electrons from the dye into
the conducting band of the semiconductor, reduction of the oxidized dye molecules and
quite many recombination processes of the excited electrons. [16].

A great advantage of a concept utilizing plasmonic effects, is the possibility of more
efficient absorption of the irradiating light in thinner layers of photoactive materials.
This might make production of more efficient solar cells using less material possible,
which in turn will make them a cheaper and more competitive alternative.
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2 CHOICE OF MATERIALS 2.1 Gold nanoparticles

In addition to placement of GNPs inside the absorber material for increased absorp-
tion and scattering, GNPs can also be placed at the semiconductor surface and even at
some small distance above the surface to increase the in-coupling of light. Increased
in-coupling, will increase the photon flux inside the absorber which in turn increases
the probability for absorption. In-coupling of light, refers to the process of light passing
through the cell surface, reaching the interior of the cell. Both size and shape as well
as the relative position of the GNPs are reported to be key factors for the efficiency of
light in-coupling. [17, 18]. In this work, the incoupling effects by GNPs at the surface
or outside the absorber were not studied, instead the focus was only on effects of GNPs
placed inside the absorbing material.

There are many approaches under investigation to study and understand the scat-
tering of the light and the enhanced near field effects caused by plasmonics. Examples
of these approaches are;

• Using GNPs with a SiO2 shell which would isolate the GNPs from both TiO2 par-
ticles and dye molecules. A positive effect from this is less recombination between
GNPs, TiO2 and electrolyte [19]. The GNPs would also have a protection against
corrosion due to contact with the electrolyte chemicals.

• Arrangement of nanoparticles in structures has been tried: it has been proven in
experiments that light scattering from nanoparticle arrays can increase the pho-
tocurrent in thin film solar cells [20].

• Using effects of plasmon coupling between GNPs can increase the photon absorp-
tion, it is reported that 100 nm GNPs would be the optimum size for coupled par-
ticles while 40 nm would be optimal for isolated ones, the reported experimental
results are also confirmed by theoretical calculations [13].

Enhancement of photocurrent is reported for both separate, isolated GNPs, as well
as coupled ones. Here, coupled particles refers to particles close enough to produce
plasmonic effects between them that are stronger than it would be for separate parti-
cles. The effects are size dependent and the optimum size for separate particles is 40 nm
and 100 nm for coupled ones. Also, when the distance between particles is less than the
particle diameter, the localized field between them is much stronger than the one from
a single GNP. The coupling effect has been reported to produce enhanced performance
in the long wavelength range [13].

It is also found in literature that particles of size 5-20 nm which have low albedo,
would be useful for utilizing the strong enhancement of the local field that exists near
the NP. The strong near-field will increase the absorption in the surrounding semi-
conductor and dye, in this case the nano particles would act as effective antennas for
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incident light. [20]. There are indications that particles of size 5 nm or less will not
participate in scattering of the light [21], therefore this size would be a good choice to
separately study the effects of GNPs on the enhanced near field.

Possibilities to modify the quasi-Fermi levels at the Au-TiO2 anode, and thereby
increase the photovoltage by tuning the ratio of TiO2 and 2 nm GNPs is also reported. In
addition, the nanostructure of the TiO2 layer with inlaid 2 nm GNPs can also effectively
reduce the recombination rate due to its mosaic structure, this also leads to enhanced
photovoltage [14].

2.2 Choice of GNPs for this work

In this work, the GNPs are randomly inlaid into the bulk of the TiO2 layer at the anode.
One advantage of random positioning is that the GNPs might have larger contacting
surface for both dye and TiO2 than if they were placed at the top or bottom of the layer.
When the interaction of the GNPs and the dye/semiconductor is considered, the larger
contacting surface is especially important because the effects of the enhanced near field
of the GNPs is decaying fast with distance to the GNP surface, see equation (25), Section
6.

For the TiO2 slurrys prepared in this work, the GNPs were added into the TiO2 slurry
during the mixing phase, therefore, due to random positioning, effects of enhanced near
field from GNPs considered as separate particles as well as effects of plasmon coupling
due to GNPs close to each other would be expected. The resulting effect would then be
a sum of separate and coupled plasmons.

In this work, GNPs of size; 2, 5, 10 and 40 nm were initially chosen to be used in
different amounts and combinations with different dyes to study the effects of GNPs
dispersed in the anode of DSSCs. This choice of GNP sizes was based on the reported
results described above [13, 14, 15, 17, 18, 20, 13, 14].

The amount of GNPs used in the solar cells in this work is referred to as Au relative
surface area. The meaning of this is the ratio of gold and TiO2 used in the preparation
of the TiO2 slurry that is used to produce TiO2 films. The ratio is defined as:

total gold nanoparticle surface area [cm2]
mass of TiO2 [g] (1)

Other references as mass of gold or number of particles per mass of TiO2 could have
been used but the relative surface area reference was chosen because the plasmonic
effect that was to be studied, is a surface related effect. The plasmonic effects are size
and shape dependent also, and this is referenced by the different particle sizes used in
the experiments.
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2.3 Photosensitizing dyes

Ruthenium complexes have shown the best PV properties among the metal complexes,
they have a good electrochemical stability, they absorb over a broad spectrum, their
excited states are relatively long lived and their exited and ground state energy levels
are suitable for use in combination with TiO2 as semiconductor [22].
For the photosensitation of the cells, three different dyes from Solaronix were chosen:

• Ruthenizer 455-PF6, a cationic, orange coloured ruthenium based metal contain-
ing organic dye with absorption peak at 455 nm.

Formula: [Ru(L)2(AcL)]2+ 2PF−
6

Where:
AcL = dicarboxybipyridine
L = bipyridine

• Ruthenizer 620-1H3TBA, an anionic, dark green coloured ruthenium based metal
containing organic dye with absorption peaks at 620, 536, 411 and 328 nm.

Formula: [RuHL’(NCS)3]3− 3Bu4N+

Where:
L’ = tricarboxytripyridine

• Sensidizer SQ2, a zwitterionic, blue coloured dye based on the squaraine unit.
This dye has one sharp and high absorptionpeak at 655 nm.
This dye belongs to the class DπA.
Where:
D = donorgroup, A = acceptor group and π = photoreceptor group.
D is negatively charged and has a donor property and A is positively charged and
has an acceptor property.

The chosen GNPs have their absorption peaks around 520 nm, so these dyes provide
the experiments with a good spread in absorption spectra, especially the 620-1H3TBA
which absorbs over the broad interval of 328 to 620 nm. Measured absorption spectra
of these dyes are presented in Section 9.1. There might be differences in interaction
between GNPs and different dyes due to their different ionicity, GNPs are reported to
react stronger with cationic dyes than with anionic ones [23]. In addition, the chemical
properties of the dyes are very different and this might influence the reactivity of the
GNPs to the dyes differently.

In the first part of this work, experiments were carried out with the aim to see which
of these dyes that could produce cells that are the most positively sensitive to addition
of GNPs in the anode.
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2.4 Electrolytes

Issues with short life time and decreased efficiency over time for DSSCs employing
liquid electrolytes are well known. Long term stability is a key point for commercial-
ization of solar cells, therefore these issues need to be addressed. These problems are
often related to electrolyte leakage and photochemical degradation of dyes, solvents
and sealants. The issue with leaking electrolyte can be addressed by using a gel elec-
trolytes with a high content of propylene carbonate (PC) instead. Positive results from
experiments using this approach are reported for example in, Biancordo et. al. [24, 25]

In this work a polyacrylonitrile (PAN) based gel electrolyte using tetrahexylammo-
nium iodide (Hex4N+I−) as salt was chosen. This is a well tested electrolyte and it is
known to produce high open circuit voltage in combination with TiO2 as semiconduc-
tor [26] and has several other advantages due to the stability of the gel. The choice of
the hexylic alkyl chains instead of the propylic which have higher conductivity, is due
to the need of reaching the highest VOC . The proportion of the salt Hex4NI to PAN was
chosen as 120 to 100 as this gave the highest conductivity compared to other proportions
[26, 27].

2.5 TiO2 slurry

For the preparation of the TiO2 semiconductor, a well tested slurry was chosen. This
slurry has been used in different works, both with the doctor blade method and the
spin coating method. The slurry is composed of TiO2 nanoparticles, carbowax, nitric
acid and triton X-100. Preparation methods was followed as described by Bandara et.
al. [27, 28, 29]. Different compositions of this slurry were tried and these are declared
in Section 8.3.4. For deposition of the TiO2 slurry to the transparent conducting oxide
(TCO) glass substrates the spin coating method was chosen, and the annealing of the
layers were carried out at 450 ◦C for 30 minutes.
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3 Physics of solar cells

3.1 Sunlight

The fuel for all PV devices is electromagnetic radiation and sunlight is a part of the
total electromagnetic spectra. Sunlight, like all electromagnetic radiation is composed
of photons, which can be regarded as massless particles that can carry energy but not
momentum. Photons also exhibits properties of a wavelike character with wavelength λ
and frequency ν. Sunlight is composed of photons with different wavelengths covering
an interval of approximately 250 to 2500 nm, expressed as energy, this equals 4.9 to 0.5
eV. The specific spectrum of the sunlight is affected and changed when it passes through
the atmosphere of the earth, see Figure 4 on the following page. The energy carried by
a photon, Eph is related to the wavelength λ and the frequency ν as:

Eph = h · ν = h · c
λ

(2)

where h is Planck’s constant and c is the speed of light.

In the interval of sunlight, the units nm for wavelength and eV for energy are com-
monly used, a convenient relation between these units is:

Eph(eV ) ≈ 1240
λ(nm) (3)

PV devices of which the solar cell is one type, convert optical energy carried by photons
to electrical energy carried by electrons. In the case of solar cells it is the light from the
sun that is used as energy source, but basically any electromagnetic radiation will do
as carrier and supplier of energy to PV devices. The electromagnetic radiation that is
defined as visible light, is in the wavelength interval of approximately 400 to 800 nm,
which means 3.1 to 1.55 eV expressed as energy.
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Figure 4: The radiation from the sun is composed of photons carrying different amounts of
energy. When the light passes through the atmosphere of the earth it is scattered and absorbed
by different substances in the atmosphere. The optical properties of the atmosphere changes
the specific spectra of the sunlight.

3.2 The AM sunlight standard

In the field of solar cells, a notation including air mass (AM) followed by a number is
often used for reference when the irradiation used in experiments should be specified.
This AM light standard is a reference system for standardization of sunlight irradiation
for both terrestrial and extraterrestrial radiation.

The intensity and spectral content of the sunlight are affected when it passes through
the atmosphere which is composed of different substances. How the sunlight will be af-
fected by passing the atmosphere is dependent on the composition of the atmosphere,
the optical properties of the different substances and the actual path length.

One way to describe the atmospheric light path is the use of the relative optical path
length, this is however a generalization because it assumes homogeneous and isotropic
composition of the atmosphere. This relative measure is referred to with the notation
AMx, where x is the ratio of the actual path length to the path length with the sun
directly overhead (angle of incidence = 0 ◦ ). In Figure 5 on the next page, a two dimen-
sional schematic shows how angles, path lengths and AM numbering are defined.
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3 PHYSICS OF SOLAR CELLS 3.2 The AM sunlight standard

With this system AM1.0 is the irradiance at sea level at 0 ◦ angle of incidence and
AM1.5 is for the incidence angle of ≈ 48.2◦. The radiation just outside the atmosphere
is denoted AM0.
Different wavelengths in the sunlight will be affected differently and this makes it diffi-
cult to identify an exact definition of the irradiated light at a specific location. It would
be necessary to measure the intensity and the spectral content in every measurement to
have exact references. The most common method in experiments with solar cells is to
use some solar simulator of known optical power and spectral distribution with refer-
ence to the AM reference system.

Figure 5: Schematic figure of sunlight reaching a position on earth at dif-
ferent incident angles. In the figure the AM1.0 and AM1.5 are shown, the
incident angle for the AM1.5 is 48.2 ◦.

Even if an ideal homogeneous atmosphere is assumed, the calculation of the air mass
is complicated. One approximation that is sufficient for most engineering applications
is achieved by using some simple geometric considerations. In this case the air mass is
calculated as:

AM = 1
cos θZS

(4)

where θZS is the solar zenith angle which is the angle between the vertical (angle of in-
cidence = 0 ◦) and the incident light beam [6].
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The radiation from the sun can to a good approximation be regarded as radiation
from a black body at temperature of 5770 K. The power from this radiation incident on
a unit area just outside the atmosphere, at a distance of 1 astronomical unit (AU)1 from
the sun, is denoted as the solar constant B0:

B0 = 1367 (W/m2) (5)

In Figure 6 the solar spectra is shown for AM0 sunlight (red) and AM1.5 sunlight
(black), the graphs are based on data from the National Renewable Energy Laboratory
[30]. The figure clearly shows that the spectrum is significantly changed after pass-
ing through the atmosphere. Each wavelength is affected differently, this depends on
the wavelength dependence of the extinction coefficients of the substances in the atmo-
sphere, leading to different absorbance at different wavelengths of the light.[6, 31, 30]
At higher values of AMx , the absorption due to atmospheric gases will make the gaps
in the extraterrestrial radiation deeper.

Figure 6: Graphs showing reference spectral irradiances for
AM0 (ASTM E 490) and AM1.5 (ASTM G 159),spectral data
from NREL.

1 1 AU=149 597 871 kilometers which equals the distance between the sun and the earth
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3.3 Working principles of solar cells

3.3.1 General function of a solar cell

Looking from the outside, the function of different types of solar cells are, even though
different in efficiency, the same, they convert optical energy into electrical energy. How-
ever, a look on the inside reveals that they can be quite different to each other, both in
structure and material composition.

In this text, the general operation of a conventional semiconductor solar cell is pre-
sented first and following that, the operation of a dye sensitized solar cell. The aim here
is to give an overview of these concepts, a more complete description and understand-
ing would require a quite extensive text.

The most simple type of a solar cell can basically be described as a semiconductor
diode that has been designed to absorb light and convert the energy of the photons
into electrical energy. A semiconductor has the capacity to absorb light and use a part
of the energy carried by the photons to excite electrons in the semiconductor material.
When an electron is excited, an electron hole-pair is created and these ”particles” will
now be the carriers of the energy instead of the photons which do not exist after the
absorption-excitation process. Figure 7d on page 23 shows a schematic structure of a
simple conventional solar cell. In this figure the top surface is the front of the cell where
the irradiating light enters, this surface is often prepared with some anti-reflective coat-
ing to get as much light as possible into the device. All light that is reflected at this
surface is to be regarded as loss from the irradiated energy.

In a semiconducting material, electrons and holes move within separated energy
levels. The energies between these limiting levels form so called energybands. The
energies between different energy bands form the bandgaps. There are valence bands
(VB), where the electrons are bound to the nucleus and conduction bands (CB),where
the electrons are more free to move between different nucleus. The amount of energy
separating the VB maximum and the CB minimum, called the band gap energy, is de-
noted Eg and defines the minimum energy that has to be supplied for an intra-band
excitation of an electron. The band gap, which is temperature dependent, can be ei-
ther indirect where VB maximum and CB minimum are separate in both energy and
momentum, or direct, where the VB maximum and CB minimum have the same mo-
mentum but are separated in energy, see Figure 7c on page 23. In general, the size of
the band gap is different for different materials. For a direct band gap material such as
GaAs (Eg= 1.43 eV at 300 K), it is sufficient just to add energy equal to the band gap,
Eg for the creation of an electron - hole pair. For an indirect band gap material such as
Si (Eg=1.11 eV at 300 K), both energy and momentum must be added for an excitation
to take place. Photons which just carry energy, can not excite the electrons themselves
in an indirect band gap semiconductor, momentum also have to be added and this is
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supplied via phonons. The fact that both a photon of sufficient energy and a phonon of
sufficient momentum have to be involved, in general makes the probability for an elec-
tron excitation lower for the indirect than for the direct band gap material. This is one
reason why relatively thick absorbers are needed to achieve sufficient light absorption
in solar cells built with indirect band gap materials like Si.

Energy from different photons do not add up spontaneously to required energy
for electron excitation. All electrons with less energy than the band gap will just pass
through, and the energy carried by them will be lost. When photons of higher energy
than the band gap is absorbed, electrons will be excited to energy levels above the CB
edge. The electron will then lower its energy within the CB until it reaches the CB edge,
the amount of energy between the higher level and the CB edge will in this case be
converted to heat and lost. When an electron excitation takes place the photon is anni-
hilated at the same time. The process works in the opposite direction also, if an electron
lowers its energy by moving from the CB edge to the VB edge, it will emit a photon with
energy equal to the energy of the band gap.
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(a) Schematic figure of direct solar energy con-
version using a solar cell. The energy carried
by the photons in the sunlight is converted
to electrical energy carried by the electrons in
the circuit without using intermediate steps
involving other forms of energy.

(b) The position of visible light and solar spec-
trum marked in the electromagnetic spectrum.
The spectra is shown as function of wave-
length, frequancy and energy. The relation be-
tween the three quantities isE = h ·ν = h ·c/λ.

.

(c) Different types of band gap in a semicon-
ductor. a, Direct band gap, CB minimum and
VB maximum occurs at the same momentum.
b, Indirect band gap, CB minimum and VB
maximum occurs at different momentum

. .

(d) Schematic figure showing one of most sim-
ple type of a conventional single junction solar
cell. The basic parts along with the central pro-
cess of hole pair creation are depicted.

Figure 7: (a) Direct energy conversion, sunlight energy to electrical energy. (b) Sunlight and
visible light spectra positioned in the spectra of electromagnetic radiation. (c) Direct and indi-
rect band gaps. (d) Schematic of simple conventional solar cell.
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3.3.2 Dye sensitized photoelectrochemical cells

The DSSC structure

A dye sensitized solar cell is a photoelectrochemical solar cell (PSC) consisting of; a
photoelectrode (anode), a counter electrode (cathode) and an electrolyte containing a
redox couple. The semiconductor material in the PSC is attached as a thin layer to the
anode. Oxide semiconductor materials such as TiO2, ZnO, and SnO2 are often used
here because of their good stability under irradiation, the most common among these
is TiO2. This semiconductor has a relatively large band gap (∼3.2 eV) which hinders
effective absorption of visible light [6]. To enhance the absorption of light irradiated
into the cell, a photosensitizing dye can be added to the semiconductor in a PSC. The
chosen photosensitizer absorbs photons of lower energy than the band gap of the semi-
conductor and the excited electrons in the photosensitizer are subsequently injected into
the CB of the semiconductor. This concept is the archetype of a DSSC. These solar cells
are often called Grätzel cells, named after one of the inventors and major expert in this
field, Michael Grätzel. In a DSSC the basic processes: excitation of dye, injection of elec-
trons into the semiconductor and regeneration of the dye occurs in a three dimensional
structure of semiconductor, photosensitizer and electrolyte. The DSSC counterpart of
the band gap in a semiconductor is the difference between the LUMO level and the
HOMO level in the photosensitizer molecule. A schematic interior structure of a DSSC
completed with relative electron energy levels in different parts of the cell, is depicted
in Figure 8.

Figure 8: Schematic structure of a DSSC showing electron energy levels of the basic processes.
∆Esensitizer and Eg are the excitation energies of the dye and the semiconductor respectively.
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A schematic structure of a DSSC with enlarged parts of the interior showing the
relative positions for the different materials is shown in Figure 9

Figure 9: Two dimensional schematic structure of a cross section of a DSSC using nanocrys-
talline TiO2 as semiconductor at the anode and an iodide/tri-iodide electrolyte as mediator
between the electrodes.
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Primary processes

From the event that a photon is absorbed and an electron is excited from the HOMO
level to a LUMO level in the dye, to the event that the dye is regenerated again, there
are a series of basic processes that occur in the DSSC and its connected circuit. These
processes are marked and numbered in the order they occur in Figure 10, here the DSSC
is regarded as an ideal cell without recombinations of charge carriers.

Figure 10: Schematic structure of the DSSC using TiO2 as semiconductor
and an electrolyte with I−I−

3 as redox mediator. The primary processes
within the cell are marked and numbered in the order they occur during
operation.

The ideal DSSC processes shown in Figure 10 are [32, 6]:

1. The photosensitizing dye absorbed in the TiO2 layer at the anode absorbs photons
with energy equal to or higher than the energy difference between the ground
state, S (HOMO level) and the exited state, S∗ (LUMO level) in the photosensitizer.
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2. Energy from the photon is used to excite the electron to the LUMO level or higher
in the photosensitizer.

S + hν → S∗ (6)

3. The excited electrons are injected into the CB of the TiO2, the dye molecule is
oxidized at the same time.

S∗ → S+ + e−(TiO2) (7)

4. The injected electrons in the CB moves between the TiO2 nanoparticles by diffu-
sion until they reach the TCO glass at the anode.

5. Electrons are moving from the anode to the cathode passing via the connected
load where they perform work and lose energy.

6. At the interface between the platinum treated TCO glass and the electrolyte, the
oxidized mediator I−

3 is reduced to I− ions.

I−
3 + 2e− → 3I− (8)

7. I− ions diffuses through the electrolyte towards the oxidized photosensitizers in
the TiO2 layer.

8. Oxidized photosensitizers are reduced with electrons from the I− ions which at
the same time is oxidized to I−

3 .

S+ + e− → S (9)

3I− → I−
3 + 2e− (10)

There are four energy levels in the DSSC that significantly affects the performance
of the DSSC; the ground state (HOMO level) and the excited state (LUMO level) of the
photosensitizer; the Fermi level of TiO2 electrode, located close to the CB edge, and
the mediator (I−/I−

3 ) redox potential in the electrolyte. The HOMO-LUMO energy gap,
analogous to the band gap for inorganic semiconductors determines the photocurrent in
the DSSC. The smaller this energy gap the more of the long wavelengths of the light can
be utilized and therefore more current can be produced. The energy of the LUMO level
must be negative enough compared to the TiO2 CB level for the injection of electrons
to work efficiently. The HOMO level must be positive enough compared to the redox
potential of the (I−/I−

3 ) mediator for the oxidized dye to effectively receive electrons.
The cell voltage of the DSSC is developed by the energy gap between the Fermi level in
the TiO2 and the redox potential in the electrolyte [6, 33].
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Recombination of charge carriers

The processes described in the paragraph above did not include any recombinations
of charge carriers, however, in real cells, recombinations are always present to some de-
gree. In a recombination process, excited charge carriers are transported back to ground
states without performing any work in the connected circuit, therefore recombinations
are always to be considered as losses, lowering the performance of the cell. For a DSSC
there are direct recombinations within the photosensitizer, but also recombinations of
injected electrons from the TiO2 CB to oxidized photosensitizers and to acceptors in the
electrolyte and also from the TCO glass to the electrolyte. In Figure 11, the direct recom-
binations within the dye and recombinations from The TiO2 are depicted, the typical
time constants for the excitation and recombination processes are also given.

Figure 11: The kinetic data, given in seconds, for the desired
electron transfer processes (black) and the recombination pro-
ceeses (red) in the DSSC.
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3.4 Limitations of performance

The performance of solar cells are limited by different factors comprising both practical
issues like material quality as well as physical phenomena. During the energy conver-
sion there are many processes going on simultaneously in a solar cell, the efficiency of
which, varies from one process to another and they all need to be optimized to achieve
the best overall cell efficiency. Figure 12 shows in a rough outline how incoming energy
is distributed between theoretical maximum harvested energy and different losses for a
single junction silicon solar cell [34].

Figure 12: Pie chart showing the distribution of the incoming energy between theoret-
ical maximum photon to electron conversion (∼ 33 %) and different losses.

The figure shows that, with direct conversion of sunlight energy into electrical en-
ergy using a single junction solar cell, at most 33 % of the incoming energy can be con-
verted into usable electrical energy

The Schockley Queisser limit

The most central of the limiting physical phenomena originates from the nature of the
sunlight in combination with the energy band structure in semiconductors. In 1961 the
two scientists William Schockley and Hans Queisser first described the theoretical max-
imum efficiency of single junction PV devices powered by sunlight.
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To realize that there is such a limit the following can be considered;

1. A semiconductor can only absorb photons with energy equal to or larger than the
band gap energy, Eg.

2. The sunlight which mainly covers wavelengths between 250 and 2500 nm is com-
posed of photons carrying different energies. For each wavelength, the photons
have a specific energy and flux.

When a semiconductor with band gap energy Eg is irradiated with sunlight, all pho-
tons with energy equal to Eg is absorbed and will excite electrons to the CB minimum
which can be delivered directly to the outer circuit, i.e. for these photons there could be
100 % efficiency.

All photons with energy lower than Eg will not be absorbed at all, i.e. 0 % efficiency
for these photons. All photons with energy larger than Eg will be absorbed and excite
electrons to energy states above the CB min. in the semiconductor, from these higher
states the electrons will lower their energy until they reach the CB minimum and then
be delivered to the outer circuit, in this case the excess energy will be lost mainly to heat.
For these photons the efficiency will be dependent on the energy they carry.

To increase the efficiency, a semiconductor with smaller Eg can be used to absorb
more of the low energy photons, but the energy lost to heat in the semiconductor will
increase simultaneously. If a semiconductor with larger band gap is used less energy
is lost to heat but more of the lower energy photons will just pass through and their
energy will be lost. So there is a trade-off between energy lost to heat and energy totally
lost due to photons passing through without being absorbed at all, the balance between
these two losses are dependent of the size of the semiconductor band gap.

It was showed by Schockley and Queisser that there is a theoretical efficiency limit
for photon to electron conversion for a single junction PV device and this limit is specific
for each wavelength. The highest theoretical value for a single junction PV device used
under AM1.5 light condition is ∼ 33 % and this value is reached at ∼1100 nm (1.11 eV).
[34, 35]

To achieve efficiencies higher than the SQ limit, there are some alternatives to ex-
plore:

• Multi-junction solar cells (MJSCs); junctions of different materials and different
band gap are arranged in series inside the PV device, allowing the light to react
separately in the different layers. Due to their different band gaps, more of the
photons can be absorbed with less energy loss. MJSCs are often used in combi-
nation with light concentrators. For this method a best efficiency of 46 % was
reported from the Fraunhofer institute in 2014 [36].
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• The irradiating light can be split into different wavelength intervals and PV de-
vices with suitable band gap can be used for each interval.

• Different techniques to sensitize the photoactive material that absorbs the light,
this technique basically implements more than one junction into the same device.

• Combine PV semiconductors with heat technology to harvest the heat produced
by electrons excited to levels above the band gap minimum.

Some other limitations

As mentioned before, solar cells exists in many different concepts and each type has
its specific limitations. However, there are limitations that can be regarded as quite gen-
eral also. In the following summary, both general and specific criticalities and suggested
methods how to address them are presented.

• Low photon flux into the photoactive material, (general).
Antireflective coating, structured surfaces, metal nanoparticles at surfaces for in-
creased in-coupling of light, light concentrators [37, 38, 39].

• Poor absorption of light in the photoactive materials,(general)
Sensitizing dyes, MNPs, quantum dots, nano structured surface at the back electrode[17].

• Direct recombination within the photosensitizer,(DSSC).
Finding the right combination of photosensitizer and semiconductor materials to
ensure fast injection of electrons into the semiconductor.

• Recombinations of charge carriers from the TCO glass to the photosensitizer
and electrolyte,(PSC, DSSC)
Using blocking layers of compact semiconductor material or oxide to prevent con-
tact between the electrolyte/dye and the TCO glass [40].

• Recombinations at semiconductor surfaces, (general)
Passivation of surfaces [41].

• Low mobility of the charge carriers,(DSSC, general)
High conductivity electrolyte, low resistance at interfaces and contacts [39].

• Leakage of electrolyte,(PSC, DSSC)
Better sealing methods, using gel electrolytes instead of liquid ones [27].

This work was focused on the effects of adding GNPs into the photoactive material
in the anode. The aim with this approach was to improve the absorption of photons and
the photon to electron conversion.
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4 Characterizing properties of solar cells

To characterize a solar cell by its properties, some measurements have to be done. The
most common measurement for the this is the I-V measurement, this provides data to
calculate; efficiency, open circuit voltage, short circuit current and fill factor. Depending
on the used measurement methods, other parameters like capacitance can also be cal-
culated. The efficiency can be further specified as an overall efficiency and two types of
quantum efficiencies; internal and external. All the different properties above provide
important information about the ongoing processes in the solar cell. To be able to com-
pare between different measurements, the different properties mentioned above as well
as the conditions for the experiments needs to be defined unambiguously.

4.1 Measuring and testing conditions

When the performance of a solar cell is to be measured and referred to it is most often the
efficiency of the device that is measured. To be able to measure efficiency of a solar cell,
the optical power irradiating the cell must be known. To achieve comparable results that
can be reported and referred to, it is of greatest importance to use standardized methods
and conditions that can be unambiguously referred to. The need for such a referring
system led to the concept of the Standard Reporting Conditions (SRC), sometimes also
referred to as the Standard Test Conditions (STC). The SRC concept consists of the total
irradiance, the spectral irradiance under which the performance is measured and the
temperature of the photovoltaic device [42]. In table 2 the standard reporting conditions
for terrestrial and space applications is shown.

Table 2: Standard Reporting Conditions

Application Reference spectral irradiance Total irradiance [W/m2] AM notation Temp. [◦C]

Low earth orbit ASTM E 490 1366.1 AM0 28
Terrestrial global ASTM G 159 1000 AM1 25

The ”low earth orbit” in Table 2 is referred to as the conditions just outside the atmo-
sphere and the ”terrestrial global” as the conditions at sea level with the sun directly
overhead, zenith angle = 0◦.
When performance of solar cells are reported the irradiation conditions are often re-
ferred to using the AM classification which was described in section 3.2.

4.2 I-V characteristics of a solar cell

A common method to perform the characterizing I-V measurements is to apply a volt-
age to the electrodes of a solar cell under illumination while the current is measured. By
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sweeping the voltage from open circuit voltage, VOC to 0, the current will vary between
0 and short circuit current, ISC . Another way is to connect the solar cell under illumi-
nation to different load resistances between 0 and infinite resistance, while measuring
both voltage and current. Both these methods will produce the so called I-V characteris-
tics for the cell and from this data a lot of important information about the performance
of the cell can be evaluated. In Figure 13, an I-V graph is plotted with some of the
important properties marked.

Figure 13: The characteristic I-V graph for a solar cell with the calculated
power included. In the figure the open circuit voltage VOC , short circuit
current ISC , max power Pmax, voltage at max power, Vmax and current at
max power Imax are marked.

4.3 Efficiency

When a solar cell is characterized, it is the performing properties that is considered, i.e.
properties connected to how efficient the energy conversion from optical energy to elec-
trical energy is performed. Solar cells and their functionality are quite complicated and
there are a few properties involved that one way or the other will affect the efficiency.
From an end user perspective it is basically just one property of interest and that is the
power efficiency, η, defined as:

η = maximum output electrical power (W)
input optical power (W)

(11)
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To calculate the power efficiency, the only things needed are the measurements of the
incident optical power and output electrical power. The optical power can be measured
using calibrated optical sensors with known responsivity for each wavelength and a
monochromator. This way the power can be measured at each wavelength and the sum
of all contributions will give the total power incident on the solar cell. The output elec-
trical power is determined by measuring current and voltage at the output terminals of
the solar cell and calculate maximum power as the maximum value of the product (V·I).

The light source used for the experiments was a solar simulator from LOT-Oriel.
The power of the light from the simulator was 1000 W/m2, this was measured using a
calibrated light detector, see Appendix B. The efficiency of the solar cells can be sum-
marized in the following equation:

η = Pmax
P
in

= (I · V )max
Pin

(12)

Where:
Pmax is the maximum output power of the cell.
Pin is the input optical power of the light.
(I · V )max is the product of I and V at the point of maximum power.

4.4 Fillfactor

One figure of merit that is often used is the fill factor (FF), it informs how close to the
theoretical maximum value the cell performs. The highest theoretical value of power for
a solar cell is the product of the Voc and the Isc, in practice this value is never achieved.
To get a measure of how close the performance is to the ideal value, the ratio of actual
power and max theoretical power is used, this ratio is defined as the fill factor:

FF = Pmax
Isc·Voc

= (I · V )max
Isc · Voc

(13)

The values for Voc, Isc, Vmax and Imax are obtained from the I-V measurements, see fig
13.
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5 Modelling of solar cells

A solar cell is a photovoltaic device that converts optical energy in light directly into
electrical energy using no intermediate steps. The basic operation of the solar cell is to
absorb incoming photons, use the energy of the photons to raise the energy of electrons
inside the photoactive material in the cell, and finally, letting the electrons do electrical
work in a closed outer circuit. This energy conversion is in many ways very compli-
cated, involving several different physical processes, each one with specific properties
and issues.

To better understand and describe the complex processes and how measurable quan-
tities relate to each other, the solar cells are often modelled with equivalent electrical
circuits which are easier to analyse and understand. These models, constructed with
electrical components of known properties also makes it possible to theoretically esti-
mate and predict results. This way, effects of new ideas might be evaluated without
actually building complete solar cells for test and evaluation. The general concept of
solar cells, comprises a variety of different types as it was shown in Section 1.4 and to
cover all situations, each type would need a specific model. Here, two basic, general
models and one specific model for dye sensitized solar cells are presented.

5.1 The ideal solar cell model

An ideal solar cell can be modelled as a current source in parallel with a diode as it is
shown in Figure 16a on page 39. The current source represents the current produced in
the cell which is proportional to the light intensity. In the ideal model, parasitic losses
are not existing and the I-V characteristic is described by the Schockley equation for a
diode and a current source [31]:

I = Iph − I0(e
qV

kBT − 1) (14)

where, kB is Boltzmann’s constant, q is the charge of the electron, T is the absolute tem-
perature, V is the voltage across the cell terminals, Iph is the generated photocurrent and
I0 is the diode saturation current. The I-V characteristic of this model circuit is shown in
Figure 16b on page 39.

Equation 14 is valid for an ideal diode behaviour, in practise the dependence on V
is modified by an ideality factor n which describes how close to ideal diode behaviour
a cell works. Typical values of n is, above 2 for DSSCs and between 1 and 2 for Si solar
cells. Using the ideality factor to compensate for non-ideal behaviour of the diode, the
equation for the model becomes:

I = Iph − I0(e
qV

nkBT − 1) (15)
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In the remainder of this text, ideal diode behaviour is assumed and n is set to 1.

(a) The equivalent electric circuit for the ideal cell consists
of a current source and an ideal diode, the current source
represents the produced photocurrent Iph within the cell.

(b) The I-V graph described by the Schockley equation,
equation 14 on the previous page.

Figure 14: a, Equivalent circuit of an ideal solar cell. b, I-V graph for the ideal solar cell model.

5.2 Simple realistic solar cell model

When a solar cell is operating under realistic conditions, the performance will be af-
fected by internal resistances, also called parasitic resistances. The efficiency will be de-
creased due to power dissipation in these internal resistances and the I-V graphs from
the non ideal solar cells will look a bit different compared to the ideal one shown in
Figure 16b on the facing page.

To model the non-ideal behaviour, more components are usually added into the cir-
cuit model for the ideal case. In Figure 15 on the next page, a simple model of a cell
including internal parasitic resistances is depicted. in this model, a series resistance
(Rs) and a shunt resistance (Rsh) are added. The series resistance corresponds to contact
resistances at interfaces, sheet resistance of the TCO glass and charge carrier mobility
limitations in the materials. The shunt resistance corresponds mainly to charge recom-
binations in the cell. For an ideal cell Rs would be zero and Rsh would be infinite [43, 37].
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Figure 15: The equivalent circuit model for a photovoltaic cell with the components Rs and Rsh
included to represent the parasitic resistances within the cell.

For the model with added non ideal components, the equation for the I-V character-
istic is expanded with one term and is now written as [19, 31, 37]:

I = Iph − I0(e
q(V + IRs)

kbT − 1)− V + IRs

Rsh

(16)

As mentioned above, the efficiency of the solar cells will be affected by the non ideal
properties and the shape of the I-V graph will be changed. The two parasitic resistances
will affect the shape of the I-V graphs in different ways, this is illustrated in Figure 16,
however, in both cases the fill factor is reduced. The graphs show that there are cor-
relations between the resistances and the derivatives (∂V/∂I)I=ISC and (∂V/∂I)V=VOC .
The tangential values of the I-V graph at the current and and voltage axes are called
dynamic shunt (Rsh0) and series resistances (Rs0) respectively.

(a) (b)

Figure 16: a, Effects of parasitic series resistance and b, effects of parasitic shunt resitance in the cell. In both cases the fill factor of
the cell will be reduced by these parasitic resistances.
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5.3 Dye sensitized solar cell model

The dynamic resistances Rsh0 and Rs0, has been successfully used to calculate solar cell
parameters [44]. The non-ideal resistances directly affects the efficiency and fill factor,
therefore this information is valuable when results are evaluated and discussed. This is
a useful tool because the dynamic resistances can be calculated directly from measured
data. For comparative studies where the absolute values are not essential, it can be suf-
ficient to use only the dynamic shunt and series resistances.

For dye sensitized solar cells which are quite complicated devices, the modelling
and construction of equivalent electrical circuits becomes more complex. Using anal-
ysis of equivalent circuits is an important tool for high performance DSSC design and
several equivalent models for DSSCs can be found in literature [45, 46, 47]. One model
for evaluation and calculation of solar cell properties of DSSCs are presented by Gu-
liani et. al. [45]. This model which also contains additional RC circuits to model non-
idealities is shown in Figure 17. In this model resistance R1 is related to diffusion of
ions within the electrolyte and it is proportional to the distance between the TCO and
the Pt counter electrode. Resistance R2 is related to charge transfer processes at the Pt
counter electrode. The capacitances C1 and C2 are related to Helmholtz double layers
at the electrodes. Rsh is related to electron back transfer from TiO2 to electrolyte at the
TiO2/dye/electrolyte interface. Rs is related to sheet resistance at the TCO glass sub-
strate.

Figure 17: The equivalent circuit model for a dye sensitized solar cell with additional circuitry
to compensate for non-idealities.

The work by Guliani et. al. shows that calculations based on this model are in good
accordance with their experimental results.
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6 Localized surface plasmon resonance

The central part of this work is about using GNPs to improve performance of dye sen-
sitized solar cells, this brings the topic into the field of localized surface plasmon reso-
nance (LSPR) which is the result of bringing metal nanoparticles1 into an electromag-
netic radiation. In this case the radiation is the light that irradiates the solar cells.

Colloids of noble metal nanoparticles are characterized by intense colors, which are
caused by scattering and absorption of visible light. The scattering and absorption prop-
erties which vary from one noble metal to another, are also dependent of size and shape
of the particles. Early examples of applications using these phenomena can be found
in old church windows, where gold and silver nanoparticles were mixed into the glass
to give them beautiful colors. These effects are caused by the LSPRs which is one of
the most important types of interaction between metal particles and electromagnetic
radiation.[48]

Characteristic for metals is that they have free electrons in the conduction bands,
able to move almost freely and independent of the ionic background which can be con-
sidered only as scattering centres. If a metal particle is placed in an electric field, the
electrons surrounding the nucleus will be subjected to a force directed against the field.
For an oscillating field, this force will also be oscillating. This will make the electrons
move from one side to the other in a movement that is perpendicular to the propagation
of the field, this is illustrated schematically in Figure 18 on the following page. As the
electrons are displaced in this oscillating way, there will also be an oscillating displace-
ment of charge at the surface of the particles. This oscillating surface charge will cause
an enhancement of the electric field in the vicinity the particle. For particles with ir-
regular shape there will be especially strong enhancement of electric field near tips and
corners.

When metal nanoparticle structures of size 10 - 100 nm are subjected to light, they
will interact with the light through collective excitation of electrons caused by inter-
band electron transitions. Resonances can occur when the frequencies of the incident
light and the resonance frequencies of the electronic oscillations match each other. The
result is a collective and coherent oscillation of the electronic cloud surrounding the
metal particle called a plasmon. During this interaction between radiation and the
nanoparticle, energy can be stored in the oscillation and this might cause absorption
and/or scattering of the incident light.

1 nano particles = particles of size 1 - 100 nm
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Figure 18: Illustration of momentary displacement of the electrons due to
the surrounding oscillating electric field.

Plasmonics is part of the field of nanophotonics1. The basis for plasmonics is the
interaction between electromagnetic radiation and the conduction electrons at metallic
interfaces [49]. This section presents some of the fundamental results of LSPRs involv-
ing a spheric metal NP in an electromagnetic field. The presentation is a summary of
some known results from theoretical work in this field and more detailed descriptions
are found in the given references. It should also be noted that these results are valid
under the simplified conditions mentioned in the text (spherical particles, wavevector,
~K=0 and wavelength� particle size), however, these conditions serve well for gaining
an insight of what is going on when light interacts with small metallic particles.

First some definitions, when a small particle is interposed into a beam of parallel
light, several distinct effects can be observed [50].

• Some of the energy contained in the beam can be converted into other forms of
energy, this phenomena is known as absorption.

• Part of the incident energy can be extracted and then scattered in all directions at
the same frequency as the incident light, this is called elastic scattering.

• When absorption and scattering takes place, the energy of the incident light is
reduced by an amount equal to the sum of the absorbed and scattered energy, this
reduction is called extinction.

One central relation in the discussion of interactions between electromagnetic radiation
and its surroundings is the dielectric function ε( ~K, ω) which describes the relation be-
tween the relative permittivity ε and the conductivity, σ.

ε( ~K, ω) = 1 + iσ( ~K, ω)
ε0ω

(17)

1 nanophotonics is the study of interaction between light and objects on the nanometer scale
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where ~K is the wavevector, ω is the frequency of the field, ε0 is the permittivity of vac-
uum and i is the imaginary unit 1. When interaction between light and metals is con-
sidered, this expression can be simplified to the limit of spatially local response, this is
done by setting ~K = 0

⇒ ε( ~K = 0, ω) = ε(ω) (18)

This simplification is valid as long as the wavelengths are much longer than the typical
mean free path of the electrons or the size of the unit cell in the metal[49].

In a quasi-static approximation for the case of a spheric nanoparticle it can be as-
sumed that the incoming electric field is constant over the volume of the sphere, this is
valid as long as the wavelength is much larger than the diameter of the sphere. This
approximation allows to simplify this to a problem of a particle in a static electric field.
Taking a simple model as an example, a metallic, homogeneous sphere of radius a is con-
sidered in an electric field. The surrounding is considered as non absorbing with a real
dielectric constant εm and the Drude model [51], is used for the electrons. Following
calculations by S. Maier [49] and Bohren& Huffman [52], the potential, polarizability,
electric field and effective cross section areas can be described by equations (19) to (27)
in the following paragraphs.

Potential and polarizability

In the following expressions the variables θ,~r and a is referred to as in Figure 19.

Figure 19: Simplified model used for calculations of plasmonic effects
from a metal nanoparticle in an electric field. The dielectric function of
the sphere and the surrounding is ε(ω) and εm respectively.

1 the imaginary unit i is defined by: i2=-1

43



6 LOCALIZED SURFACE PLASMON RESONANCE

The electric potential inside and outside of the sphere, φin and φout, and the dipole-
moment ~p are :

φin = − 3ε
ε(ω) + 2εm

E0rcosθ (19)

φout = −E0rcosθ + ~p · ~r
4πε0r3 (20)

~p = 4πε0εma
3 ε(ω)− εm
ε(ω) + 2ε0

~E0 (21)

The dipole moment can also be calculated as:

~p = ε0εmα~E0, where α is the polarizability (22)

Combining equations (21) and (22) the polarizability can be written as:

α = 4πa3 ε(ω)− εm
ε(ω) + 2εm

(23)

This expression has a resonance when Re(ε(ω)) = −2εm.
From equation 23 and 22 it is a shown that the polarizability is enhanced at a certain
frequency of the field, this frequency is dependent on the dielectric properties of the
surroundings , εm.

Electric field

The electric fields in and outside of the sphere are:

~Ein = 3εm
ε(ω) + 2εm

~E0 (24)

~Eout = ~E0 + 3~n(~n · ~p)− ~p
4πε0εm

1
r3 (25)

where ~n is the unit vector in the direction of ~r. From equation (25) it is shown that the
additional part of the electric field from the plasmonic effect decays as 1

r3 outside the
sphere.
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Cross section areas

The effective scattering cross section area for absorption and scattering of the particles
can be calculated:

Aabs = k Im(α) = 4πka3 Im
(
ε(ω)− εm
ε+ 2εm

)
(26)

Asc = k4

6π |α|
2 = 8− π

3 k4a6
∣∣∣∣∣ ε(ω)− εm
ε(ω)− 2εm

∣∣∣∣∣
2

(27)

where k is the magnitude of the wavevector of the light, k = 2π/λ.
From equation 26 and 27; the cross section areas for scattering and absorption of the
NPs are increased with increasing particle size and the scattering cross section area has
the strongest dependence on particle size.

Shape dependence

The results shown above are valid for a spherical metal NP. If there is an elongation
of the particle, the optical properties will be affected significantly. The grade of elon-
gation is identified with the aspect ratio r, which is defined as the ratio of length and
width of the particle:

r = length of particle
width of particle

(28)

The dependence on the surface plasmon absorption maximum, λmax of the aspect ratio
is described by the relation:

λmax = 420 + 95 · r [nm] (29)

This shows that λmax occurs at about 515 nm for a spherical particle and that it will be
red-shifted when the particle is elongated[48].
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7 Enhancing the performance of a DSSC

Positive effects of using plasmonics to improve performance of photovoltaic devices
have been reported in literature earlier [20, 17, 18]. In this work the focus is on the
effects of adding GNPs into the anode material, to study if this might be a promising
approach for enhancement of cell performance and to acquire information about the
governing mechanisms.

The theoretical calculations in [49], presented in section 6 show that both absorption
and scattering cross section areas of the NPs are size dependent, therefore effects on
photon absorption might also be dependent on the size of the added NPs. It is therefore
of great interest to study correlations between GNP size and cell efficiency. The issue of
poor absorption has already been addressed by others with positive results, using spe-
cific photosensitizing dyes in the anodes of DSSCs. Now the aim is to see if the so called
plasmonic effects from GNPs in combination with sensitizing dyes might enhance the
absorption even more , especially of the longer wavelengths in the light spectra.

The plasmonic effect of metal NPs in electromagnetic radiation is explained briefly
in section 6. The interaction of different processes involving energy transfer in the pho-
toactive material are very complicated and not yet understood in detail. However, some
possible mechanisms of plasmonic enhancement of solar cells, connected to improved
absorption in absorbers of less thickness are depicted in Figure 20 on the following page
and described as [20]:

• Using metallic nanostructure at the back surface to redirect the light waves into
longer pathways in parallel with the surfaces, this will increase the probability for
photon absorption [20], Figure 20a.

• Photoemission of charge carriers, an electron - hole pair is created when the plas-
mon resonance excitation decays within the nanoparticles and the electron is in-
jected to the semiconductor material[53], Figure 20b.

• Near field effects, metal NPs working as antennas to collect more of the the longer
wavelengths in the spectra and couple the plasmonic near-field to the semicon-
ductor or the photosensitizing dye, increasing the effective cross section area for
absorption[54] , Figure 20c.

• Far field effects, metal NPs working as scattering elements to trap the propagating
lightwaves and forcing them into longer pathways inside the absorber, increasing
the probability for absorption, Figure 20d.
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(a) (b)

(c) (d)

Figure 20: Four different ways to use plasmonics for enhancing photon to electron conversion in a solar
cell. (a) Metallic nanostrutures at the back surface guide the light waves into longer paths, parallell
to the surface. (b) Plasmon resonance excitations decay inside the metal NP, causing the creation of
electron hole pair. (c) Metal NPs acting like antennas, collecting more of the longer wavelengths and
create enhanced nearfields round the NPs. (d) Far field effects increase the scattering cross section area of
the nanoparticles.
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8 EXPERIMENTAL

8 Experimental

The chemicals used in this work are presented in table 3 on the next page. Methods and
equipment used for preparation and characterization of both materials and assembled
solar cells are declared and described in detail in Section 8.3.

Additional studies were carried out with the aim to verify and to standardize pro-
cesses involved in the experiments.

• The dynamic temperature response and the residual temperature error of the an-
nealing furnace was studied for different heating programs. See details in ap-
pendix A.

• The solar simulator was tested for light intensity stability in time and homogeneity
of intensity within the light beam cross section area, at a recommended working
distance, using standard light sensors. See details in appendix B.

• A study of how capacitive properties of DSSCs affects linear voltammtric mea-
surements with the potentiostat equipment was made. See details in appendix
C.
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8.1 Chemicals

The chemicals used in this work are listed in Table 3.

Table 3: Chemicals used in this work. The table is divided according to applications and shows short
name, chemical/product name and molecular weight. The manufacturing companies are listed in the
footnote

Short name Chemicl/Product name Molecular formula Molecular Application
weight1 [g/mol]

EC Ethylene carbonate2 C3H4O3 88.06
PC Propylene carbonate3 C4H6O3 102.09
Hex4NI Tetrahexylammonium iodide7 C24H52IN 481.58 Electrolyte
PAN Polyacrylonitrile7 (C3H3N)n 53.06
I2 Iodine7 I2 253.81
2 nm GNP EM.GC24 1.21 · 10−2

5 nm GNP EM.GC54 Au 6.32 · 10−2 Gold colloid
10 nm GNP EM.GC104 5.76 · 10−2

40 nm GNP EM.GC404 5.82 · 10−2

TiO2 Aeroxide TiO2 P255 TiO2 79.86
Triton Triton X - 1007 C14H22O(C2H4O)n 647.00
Carbowax MTO - Carbowax 15406 H2O(C2H4O)n 1540
Nitric acid Nitric acid7 HNO3 63.01 TiO2 layer
Ethanol Ethanol7 C2H5OH 46.07
Isopropanol 2-propanol7 C3H7OH 60.10
DW Deionized water8 H2O 18.02
455-PF6 Ruthenizer 455-PF69 C32H24O4N6S2P2F12Ru 947.56
620-1H3TBA Ruthenizer 620-1H3TBA9 C69H117O6N9S3Ru 1364.70 Dye
SQ2 Sensidizer SQ29 C41H46N2O4 630.81

1 For the gold colloids, mass of gold per liter gold colloid [g/L]. 2 Fluka 3 Sigma-Aldrich 4 BBI
solutions 5 Degussa 6 Supleco 7 Solveco 8 From lab tap 9 Solaronix
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8.2 Experimental equipment

In this section the most important parts of the experimental equipment are described.
Each presented device is declared with some details of function and performance rele-
vant to this work along with a short description of how it was used.

Solar simulator

In the characterizing of solar cells, a solar simulator, LS0106 from LOT Oriel was
used to irradiate the cells. The light source within this simulator is a 150 W Xenon
arc lamp. To better resemble natural sunlight of AM 1.5 standard, the light is passed
through a filter with suitable absorption bands, this filter also absorbs some of the peaks
in the Xenon arc spectra. Explanation and illustration of the AM 1.5 standard sunlight
is given in the theory part, Section 3.2.

The solar simulator is declared to produce a light beam with diameter of 35 mm in
a working plane at a distance of 8 - 11 cm from the collimating lens. A schematic figure
of the solar simulator and its main components is depicted in Figure 21.

Figure 21: Schematic cross section figure of the Lot LS 0106 solar simulator used to irradiate
the cells during I-V measurements.
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To evaluate the reliability of the results from one measurement to another, the per-
formance of the solar simulator was studied with respect to stability of output optical
power and homogeneity of the light beam. Here the homogeneity is considered with
respect to measured optical power in the working plane within the light beam cross
section area. The study is described and the results are presented in Appendix B. Based
on the results from that study it was decided to use the same position for the samples
in all measurements and that a warm up period of 30 min should be used prior to mea-
surements. The chosen position was the center of the light beam in the working plane.
Practical arrangements for the solar simulator and the sample holder were made to en-
sure a proper accuracy in the positioning of the samples.

Potentiostat

For the characterizing measurements of the solar cells, an eDAQ potentiostat, model
EA 161 in connection with and an eDAQ e-corder data acquisition unit, model 401 was
used. The potentiostat and the e-corder connected to a computer with the eDAQ soft-
ware: EChem, Chart and Scope, form a complete set-up for potentiostatic measure-
ments where all controlling parameters are set directly from the computer.
The equipment can be used in different modes as; potentiostat - applying potential
while measuring the current, galvanostat - applying current while measuring the volt-
age, zero resistance ammeter (ZRA) and high impedance voltmeter (high Z).

Some technical data of this instrument: max data acquisition rate, 200 kHz; max
voltage sweep rate, 1000 mV/s; current ranges of 2 nA to 100 mA , resolution of 16 bits
(0.0015%) within each range; low pass filters at 10 kHz, 1 kHz, 100 Hz and 10 Hz. In this
work 10 Hz filtering was used during all cell characterizing measurements to eliminate
mains hum.

The potentiostat equipment with belonging software, offers many features and set-
tings to be chosen by the user. Some examples of these settings are; data acquisition
rates, signal filtering and definitions of applied signals. It is also possible to define
time delayed measurements which is very useful when time dependent signals are ap-
plied to objects with impedance that is not purely ohmic, the use and advantages of
time delayed measurements are discussed in Appendix C. The windows in the EChem
software used to set parameters for the applied voltage ramp and the delayed current
measurement are shown in Figure 22 on the facing page.
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Figure 22: EChem windows used for setting the parameters for the applied voltage ramp and
the delayed measurement of current. In this case a ramp starting at 400 mV, linearly decreasing
to 0 V with a rate of 50 mV/s is set. The actual decrease of the voltage is done in steps defined
by the settings. The sampling rate is 100 kHz and the current sampling period is 1 ms. The
right window is a graphic representation of the settings and it shows the steps of the voltage
ramp and the position of the current measurement in relation to the voltage step.

In this work the equipment was mainly used with the EChem software set in po-
tentiostat mode for measuring I-V characteristics of the cells. Used this way the poten-
tiostat was set to apply a user defined voltage ramp to the electrodes of the cells while
measuring the produced current. The high data acquisition rate and the many possibil-
ities to define the measurements, makes this equipment very suitable for dynamic I-V
characterizing measurements.

The data from the measurements can be saved in different formats, making evalu-
ation with different software possible. Figure 23 on the next page shows a schematic
picture of a solar cell I-V characteristic measurement set-up, using the potentiostat con-
nected to a computer. The set-up shows the instrument connected in the potentiostatic
mode.
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Figure 23: Schematic figure showing the set-up and connections of the potentiostat for the char-
acterizing I-V measurements of solar cells. The shown set-up is for measuring in potentiostatic
mode.

Spin coater

The spin coating of the TiO2 onto the TCO glass substrates was performed using
a Photo Resist Spinner Model 4000 from Electro Micro Systems Ltd. This spin coater
equipment consist of a bench top spinner, a remote control unit and a vacuum pump.
The control unit and the spinner is connected by flexible cables. With this equipment
the spin coating process can be performed in different steps at different speeds. Three
independent automatically sequenced spin operations of different duration and speed
could be chosen. This spin coater offers speeds between 100 and 6200 rpm and duration
between 1 and 650 s at each step. Chosen parameters for a spin process can be stored in
a program to facilitate repeatability of sample preparation, maximum 99 programs can
be stored in the memory at the same time. The glass substrates which can be up 5 inch
in diameter, are fixed in the right position to the chuck by a vacuum. In this work glass
substrates of 2 by 4 cm were used in all spin coating processes.

Spectrometer

The instrument used for spectroscopic measurements was a Perkin Elmer Lambda
900 UV/VIS/NIR Spectrometer1. This instrument features a double-beam, double monochro-
mator, ratio recording optical system and covers a wavelength range from 190 to 3300
nm. Two light sources are used to cover the entire working wavelength range, one deu-

1 UV = ultra violet, VIS = visible and NIR = near infra-red part of the spectrum
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terium lamp (UV) and one halogen lamp(VIS/NIR). The instrument is controlled via a
computer where different parameters such as: slit size, scan speed, data interval and in-
tegration time are set to optimize the measurements. The instrument is equipped with
two separate sample holders, one for the sample and the other one for the reference. For
liquid samples, cuvettes are used to position the samples correct. The reference sample
is needed to compensate for background signal due to the solvents used and the mate-
rial of the cuvettes and also to compensate for intensity oscillations of the light source.
In this work, quartz cuvettes were used, with 10 mm path length for the dyes and 1 mm
path length for the gold colloids.

Hewlett Packard Impedance Analyser 4192A LF

To perform impedance measurements on the electrolytes an impedance analyser
(IA), Hewlett Packard model 4192A LF was used. The impedance analyser measures
impedance by applying a voltage to the sample at different frequencies while measur-
ing the current. By analysing the phase and amplitude difference between the applied
voltage and the measured current the impedance can be calculated. The HP 4192A LF
has a frequency range of 5 Hz to 13 MHz. Frequency interval and data acquisition rate
are set from a computer that controls the instruments.

To perform measurements on a gel electrolyte sample, a special designed sample
holder consisting of two polished stainless steel electrodes encapsulated in a plastic
tube, see figure 24 on the following page, was used. In this sample holder the electrolyte
was pressed between the two electrodes and the plastic tube effectively prevented the
electrolyte from leaking out. The diameter of the sample was set by the diameter of the
electrodes and the only thing to be noted here was the thickness of the sample which
is needed for the calculation of the conductivity. A suitable sample thickness here is
between 0.5 and 1 mm. The thickness was measured with a micrometer.

The HP 4192A LF was controlled by a N.I. LabVIEW program which made it pos-
sible to automatically scan a frequency range from 5 Hz to 13 MHz at user specified
sampling rate during the measurements.

To measure impedance at different temperatures the sample holder was placed in
a isolated chamber where the temperature could be controlled. The temperature was
measured with a type K (Ni/Cr vs Ni/Al) thermocouple connected to a digital volt-
meter.
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(a) (b)

Figure 24: Arrangements for conductivity measurements on gel electrolyte. (a) Schematic fig-
ure showing the different parts of the sample holder used for impedance measurements of the
electrolyte. (b) Photograph of the sample holder used in the measurements.

Software

Different software has been used for different applications in this work. To control in-
struments:

• eDAQ EA161 potentiostat:
EChem and Chart.

• Perkin Elmer lambda 900 spectrometer:
UV WinLab.

• HP 4192A LF impedance analyser and heating chamber:
LabVIEW with a program constructed by Ingvar Albinsson.
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8.3 Preparation of materials

As a preliminary phase in the experimental work, some materials were prepared and
characterized in the following way:

• The gold colloids were characterized with absorption spectroscopy and their sta-
bility in low pH was studied.

• Dyes were prepared to desired concentrations and characterized with absorption
spectroscopy.

• Electrolytes were prepared following strict protocols, and characterized with impedance
measurements from which the conductivity was calculated.

• The anode electrodes were prepared by spin coating with TiO2 based slurry and
subsequently, carefully annealed and stained with sensitizing dyes.

8.3.1 Gold nanoparticles

The gold nanoparticles were delivered as suspended in water with a coating of citric
acid. This coating which was made by the manufacturer in the synthesis of the Au
nanoparticles, confers a net negative charge on the Au nanoparticles which makes them
repel each other and stay in solution. Data of the gold colloids is shown in Table 4.

Four different colloidal suspensions containing GNPs of sizes; 2, 5, 10 and 40 nm
were first characterized with absorption spectra. These spectra were to be compared
with the absorptions spectra of the selected sensitizing dyes. The aim here was to see
what dyes and gold colloids could complement each other to get higher optical ab-
sorbance of the cells.The absorption measurements were carried out in the wavelength
interval 300 - 900 nm. Measurement data and results are presented in the result section.
Based on the results from the absorption measurements, where the 2 nm GNPs showed
practically no absorbance, it was decided to use only the 5, 10 and 40 nm GNPs in the
main experiments of this work.

Table 4: Data of gold colloids. The table shows the technical data of the gold colloids as declared by
the manufacturer. The volume units used here refers to the volume of the nanoparticle colloid i.e. the
total volume of nanoparticles and water. The surface area is the area of one particle and the total particle
surface area is the sum of all particle areas per 1 ml of the specific colloid.

Size Particles Mass of 1 Mass of Moles of Surface area Tot. Surface area
[nm] per ml particle [g] gold/ml [g] gold per L per particle [cm2] per ml [cm2]
2 1.50·1014 8.08·10−20 1.21·10−5 6.16·10−5 1.26·10−13 18.90
5 5.00·1013 1.26·10−18 6.32·10−5 3.21·10−4 7.85·10−13 39.30
10 5.7·1012 1.01·10−17 5.76·10−5 2.92·10−4 3.14·10−12 17.90
40 9.00·1010 6.47·10−16 5.82·10−5 2.96·10−4 5.03·10−11 4.52
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8.3.2 Dyes

The dyes for used for sensitizing were; Ruthenizer 455-PF6, Ruthenizer 620-1H3TBA
and Sensidizer SQ2. The dyes have their peak absorbance at different wavelengths; 455-
PF6: at 455 nm, 620-1H3TBA at 620, 415 and 332 nm and SQ2 at about 650 nm. For the
staining processes, all dyes were used in concentration 0.3 mM in ethanol. By choosing
these dyes the experiments included both metal containing organic and organic dyes of
different ionicity.
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Data of the dyes

1. Ruthenizer 455-PF6, a Ruthenium based, metal containing organic cationic dye
with an absorption peak at 455 nm.

Table 5: Data of the 455-PF6 dye

Dye Chemical formula Molecular weight [g/mol] Absorptionpeak(max) [nm] Color

Ruthenizer 455-PF6 C32H24O4N6S2P2F12Ru 947.56 455 Orange

(a) (b)

Figure 25: (a) Ruthenizer 455-PF6 molecule. (b) Photograph of Ruthenizer 455-PF6, 0.3
mM in ethanol.

Figure 26: Absorptionspectra of Ruthenizer 455-PF6.
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2. Ruthenizer 620-1H3TBA, a Ruthenium based, metal containing organic, anionic
dye with absorption peaks at 328, 411, 536 and 620 nm

Table 6: Data of the 620-1H3TBA dye

Dye Chemical formula Molecular weight [g/mol] Absorptionpeak(max) [nm] Color

Ruthenizer 620-1H3TBA C69H117O6N9S3Ru 1364.7 620 Dark green

(a) (b)

Figure 27: (a) Ruthenizer 620-1H3TBA molecule. (b) Photograph of Ruthenizer 620-
1H3TBA, 0.3 mM in ethanol.

Figure 28: Absorptionspectra of Ruthenizer 620-1H3TBA.
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3. Sensidizer SQ2, an organic, zwitterionic dye containing the squaraine unit, ab-
sorption peak at 657 nm.

Table 7: Data of the SQ2 dye

Dye Chemical formula Molecular weight [g/mol] Absorptionpeak(max) [nm] Color

Sensidizer SQ2 C41H46N2O4 630.81 620 Blue

(a) (b)

Figure 29: (a) Sensidizer SQ2 molecule. (b) Photograph of Sensidizer SQ2, 0.3 mM in
ethanol

Figure 30: Absorptionspectra of Sensidizer SQ2.
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The dyes were prepared to a concentration of 0.3 mM in ethanol. Characterization of the
dyes were made by measurement of absorption spectra in the wavelength interval 300 -
900 nm(energy interval 4.13 - 1.38 eV) The absorptionspectra for each dye are presented
in the result Section 9.1.1.

8.3.3 Electrolytes

For this work, a gel electrolyte, Hex120 was used. The composition of this electrolyte is
shown in Table 8.

Table 8: Composition of the Hex120 electrolyte
Substance EC PC Hex4NI PAN I2

Amount [mg] 400 400 120 100 48

To prepare the electrolyte, EC, PC and Hex4NI was mixed in a glass vial and set to stir
for 3 h at 50 ◦C. After that, at a temperature of 40 ◦, the PAN was added and the mixture
was stirred for another 2 h at this temperature. As a last step the iodine was added
and the mixture was heated to about 100 ◦C. After a few minutes at 100 ◦C, while conti-
nously stirring, the solution became viscous and clear.

After this preparation the electrolyte had gel properties and it was easily shaped by
heating to about 50 ◦C and gently pressing it. Figure 31 shows electrolyte samples be-
fore and after heating to gel state

(a) (b)

Figure 31: Photos of the Hex120 electrolyte. (a) Electrolyte Hex120 before heating to gelation
and (b) after heating to gelation

The conductivity of the electrolyte was measured in the temperature range 0 - 60
◦C using impedance spectroscopy. The results from impedance measurements and the
conductivity calculations are presented in the result section.
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8.3.4 TiO2 substrates

The TiO2 substrate used on the anode side of the cells was produced by spin coating
a TiO2 slurry onto the FTO coated glass. The TiO2 slurry is composed by: TiO2 nano
particles, nitric acid, Carbowax, Triton, gold colloid and some solvent as for ex. water,
ethanol or isopropanol. The semiconductor material is the TiO2 and it is protonated
by the nitric acid, Triton is a surfactant which makes the slurry easier to apply on the
substrate glass and Carbowax is used to make the final, calcinated TiO2 film porous,
which facilitates absorption of dye into the TiO2 film.

The choice of the final composition was based on the properties of the slurry consid-
ering the processes of applying and annealing it on the electrode substrate. A series of
experiments to try out the best slurry is presented in the next section. The results from
that resulted in a final composition of the TiO2 slurry with gold nanoparticles incorpo-
rated. The relative amount of the substances in that final slurry composition is declared
in Table 9. The addition of gold colloid limited the possible choices of compositions
because the water based colloids were very dilute.

Table 9: Final composition of TiO2 slurry containing gold nanoparticles. In the third column the value of
x can be varied between 0 and 1, for x=1, the full amount of gold colloid was added and for x=0, no gold
colloid was added. I.e. the total weight of gold colloid and deionized water (DW) was always 1120 mg.

Substance TiO2 HNO3 1M Gold colloid·x Triton X-100 Carbowax
+ DW ·(1-x)

Amount (mg) 200 80 1120 20 30

8.3.5 Electrodes

The preparation of the anode was carried out in different steps: applying the TiO2 slurry
by spin coating or doctor blading onto the FTO glass (substrate), drying and annealing
of the resulting TiO2 film and finally staining of the TiO2 films with the chosen dye.
In the following these different steps are declared in more detail. In order to plan ex-
periments and achieve reproducible results the entire process for preparing the anode
electrodes was carried out following a protocol, specifying the work in both method
and time, this protocol is presented in Table 13 on page 68 at the end of this section.

As substrate for the TiO2 films in the electrodes, Fluorine doped Tin Oxide (FTO)
coated glass from Solaronix was used. On the cathode side of the cell, Platinum coated
FTO coated glass, TCO 22-7 with final surface resistance 7 Ω/�1 was used. On the anode
side FTO coated glass, TCO 22-15 with surface resistance 15 Ω/� was used to prepare
with TiO2 film to make the electrode. All substrates were thoroughly wiped clean with
isopropanol before use. The TCO 22-15 was chosen for the anode because it is more
transparent to visible light than the TCO 22-7.

1 The unit of surface resistance is ohm per square (Ω/� )
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Applying the TiO2 slurry to the substrate

The three most common methods to apply a TiO2 slurry to a substrate material are;
the doctor blade method, the spin-coating and the screen printing method [42]. In this
work the doctor blade method and the spin-coating method were used. The doctor
blade method was tried with two different tools for spreading the slurry, a microscope
glass (edged tool) and a glass rod (rounded tool) of 6 mm diameter. The spin coating
was tried with several different combinations of rpm and spinning time in 1, 2 or 3 steps.
As a starting point, a TiO2 slurry composition, well tested for building DSSCs was used
[27]; the composition of this slurry is declared in Table 10.

Table 10: Composition of the standard TiO2 slurry used in [27], all amounts are recalculated to
mass in units mg in this table.

Substance TiO2 P25 HNO3 0.1 M Ethanol Triton X-100 Carbowax
Weight (mg) 200 150 1600 20 30

The doctor blade method was first tried to apply the slurry to the substrate; this how-
ever produced rather thick and opaque TiO2 films, not suitable for VIS spectrophotom-
etry.

To get thin and homogeneous films , different compositions of the TiO2 slurry were
tried, this was done in combination with both doctor blade method and spin coating
using different programs. Ethanol, Isopropanol and water in varied amounts were used
as solvents for these slurrys. Table 11 on the next page shows what compositions of
slurrys and applying methods were used to find a good and reproducible result. In
Table 12 on the facing page the different spin coating programs are declared. The best
result was achieved for sample 10. This sample is a water based slurry with mass ratio
of water and TiO2 of 1200/200 and it was spin coated with program 95.
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Table 11: Different combinations of slurry compositions and applying methods used for optimizing the
TiO2 film considering thickness and homogeneity. The doctor blade technique was used with either a
microscope slide or a glass rod to apply the slurry.

Slurry/sample 1 2 3 4 5 6 7 8 9 10 11 12
TiO2 (mg) 200 200 200 200 200 200 200 200 200 200 200 200
HNO3 0.1 M (mg) 150 150 150 150 150 150 150 150 150 150 150 150
CH3CH2OH (mg) 800 1600 800 1200
CH3CH2OHCH3(mg) 800 1600 3200
Deionized water (mg) 400 800 1200 1600 3200
Triton X-100(mg) 20 20 60 60 20 20 20 20 20 20 20 20
Carbowax (mg) 30 30 30 30 30 30 30 30 30 30 30 30
Spin coating pgm 99 99 99 99 99 99 98 97 97 96 96 94

98 98 98 98 98 97 97 96 95 95 95 95
97 97 97 96 96 96 95

Doctor blade technique slide slide slide slide slide slide slide slide
slide/rod rod rod rod rod rod rod

Table 12: The different spin coating programs used to optimize the TiO2 films
Program 99 98 97 96 95 94
Step 1: rpm/(time (s)) 1100/5 1100/5 1100/5 875/20 1100/5 2150/5
Step 2: rpm/(time (s)) 3930/10 3930/10 2540/10 2540/10 2540/20 3930/10
Step 3: rpm/(time (s)) - 5300/10 5300/10 - - -

Annealing of the TiO2 films

After spin coating, the TiO2 films were dried at 125 ◦C for 30 minutes immediately
followed by annealing at 470 ◦C for 30 min. During the annealing process the organic
part of the film is evaporated or calcinated, bringing a porous morphology to the layer.
To avoid cracks in the TiO2 films during the annealing, the heating and cooling pro-
cesses were carried out slowly. To achieve a slow raising of the temperature the furnace
settings were adjusted manually in steps according to a schedule shown in appendix
A. After the slow temperature raise the electrodes were kept in 470 ◦C for 30 min, after
that the furnace was turned off and the samples were left in the oven for slowly cooling
over night with the furnace door closed. This procedure produced annealed TiO2 film
without visible cracks.

Staining the TiO2 films

To stain the TiO2 films with dye, the electrodes were heated to 70 ◦C before they were
submerged into a dye solution, this was done to dry off possible moisture and to fa-
cilitate the absorption of the dye. For the staining process, sealed beakers were used.
The electrodes were kept in the dye solution for 20 h at room temperature. After the
staining, the electrodes were thoroughly rinsed with ethanol.
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Table 13: Protocol for preparation of anode electrodes showing the order
and the time for each step. The mixing, stirring and staining were carried
out at room temperature (∼20 ◦C )

Activity Time
1 Mix TiO2, HNO3 and DW
2 Stir 1 h
3 Add Triton and Carbowax
4 Stir 2 h
5 Add gold colloid
6 Stir 2 h
7 Grinding with mortar 30 min
9 Sonication 30 min
10 Spin coating 5 min
12 Drying at 125 ◦C 30 min
13 Annealing at 470 ◦C 1.5 h1

14 Cooling over night - closed oven door 14 h
15 Staining with dye 20 h

8.3.6 Assembling of the cell

The assembling of the dye sensitized solar cells used in this work was made by mount-
ing four parts together; the anode electrode with the TiO2 film, the electrolyte , the
spacers and the cathode electrode; Figure 32 shows schematically how these parts were
assembled to build up a dye sensitized solar cell.

Figure 32: Schematic figure of a cross section of an assembled cell: showing the constituant components
of a dye sensitized solar cell of the type used in this work.

1 1.5 h is the total time for raising the temperature in the furnace and keeping it at 470 ◦C for 30 min
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The assembling was made on a fixture and the different parts of the cell was held
together with two clamps, no sealing was needed for the electrolyte since it was in a
gel state. Before mounting the different parts together the electrolyte was formed to a
film of about 0.4 mm thickness. The electrolyte films were shaped by placing a bit of gel
electrolyte between two glass plates along with two spacers made from nylon line of
diameter 0.4 mm. By gently heating the glass plates and at the same time pressing them
together, a thin film of electrolyte was formed. A photo of the arrangement for forming
the gel film is shown in Figure 33. After cooling, the glass plates were slowly separated
and the electrolyte film could be removed, cut into appropriate pieces and used in the
cells.

Figure 33: Thin electrolyte film of desired thickness was formed by pressing the gel
electrolyte gently between two heated glass plates. Spacers were used to ensure the
thickness of the film (not shown) and clamps to press the plates together.

A fixture as depicted in Figure 34 on the next page was used both as a tool for easy
cell assemblage and as a cell holder in the set-up for irradiating the cell during I-V mea-
surements.
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(a)

(b)

Figure 34: (a) Photograph of the different cell components: anode, electrolyte, spacers and cathode to-
gether with the holding clamps and the fixture. (b) Photograph of an assembled cell, the black part with
a hole, on top of the cell is the mask that were used for irradiating the cell with a known beam diameter.
The aperture of the mask was circular with a diameter of 3.3 mm
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8.4 Characterization of the cells

Characterization of assembled cells was carried out by measuring current and voltage
on performing cells. The cells were irradiated with light of different intensity, this was
achieved by filtering of the solar simulator light. For the filtering, metal plated, flat
response filters with transmission T in the range from T=11 % to T=79 % were used.
The filters, manufactured by GRIOT MELLES, have a uniform absorbance in the visible
light spectra.

The I-V measurement was done by using the potentiostat equipment to vary the
potential between open circuit voltage and 0 V while simultaneously measuring the
current through the cell, the set-up for this is schematically depicted in Figure 23 on
page 56.

In Figure 35 a typical plot of current and power vs voltage for a solar cell is shown
with some of the most used performing cell parameters marked.

Figure 35: Typical graph showing the graphic result of an I-V measuremet with current and power versus
voltage. Characteristic values used for calculating the efficiency and fill factor are marked in the graph

It was observed that the cells degraded quite rapidly after they were assembled.
Decreased cell performance were noticed already after one day, because of this observa-
tion, the characterizing measurements were always performed within 30 min after the
cell assemblage.

All data for this work were extracted and calculated from the I-V measurements,
using a MATLAB program.
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8.5 Gold nanoparticle experiments

The experimental work of the gold nano particle study was divided into two main se-
ries of experiments, series 1 and series 2. Table 14 and Table 15 show which cells that
belong to the two series. In these tables every cell is assigned with a unique index num-
ber, these numbers are just used to identify and keep track of the different samples and
have no connection to the composition of the cells.

The first series was made to study what dye should be used to produce cells with
highest sensitivity to variations in Au RSA. Here the sensitivity was considered as in-
crease in efficiency due to variations in added amount of 10 nm GNPs in the cell. The
second series was made to study correlations between cell performance, GNP size and
GNP concentration (Au RSA), using the chosen dye from series 1. In series 2, GNPs of
size 5, 10 and 40 nm were used. To achieve comparable result from the both series, all
preparation of materials followed the same protocols and the electrolyte was taken from
the same batch for all cells in these series. Same type of electrode substrates, spacers,
equipment for preparation and cell assembling tools were used for all cells.

All characterizations of the cells were carried out with I-V measurements, performed
at four different light intensities. From these measurements data as; efficiency, Vsc, Isc
and fill factor were obtained. From the preliminary study of the capacitive effect in solar
cells described in Appendix C, it was observed that at a rate of 50 mV/s these effects
were not affecting the result considerably, therefore all the I-V measurements in series
one and two were carried out at this rate.
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Calculating amounts of gold colloid

In this section it is described how the amount of gold colloid in relation to TiO2 was
calculated, this was done considering the results from trying out the best slurry compo-
sition as described in section 8.3.4. It is also described which combinations of materials
were used in the two main series of experiments with DSSCs containing GNPs. To clar-
ify the outline of the work and the division between the two series, a flow chart of the
work is shown in Figure 36 on the following page.

The gold colloids used in this work consisted of GNPs dispersed in purified water,
this means that adding GNPs also will add water to the slurry composition. In table 4
on page 59, concentration data of the gold colloids are shown as declared from the man-
ufacturer, BBI solutions. It was decided that the 10 nm GNPs were to be used first,
therefore the calculation of the gold colloid amounts were based on the data of the 10
nm GNPs. The final slurry composition sets the relative amounts of TiO2 and water as
200/1200 in mass ratio. The density of the gold colloids can be set to 1 g/cm3 when the
amounts of gold colloid for the TiO2 slurries are calculated.

As reference between cells with different amount of gold added, it was decided to
use the gold relative surface area (Au RSA), which means the total surface area of the
GNPs in relation to mass of TiO2 in the anode. Therefore the cells are always compared
as to what Au RSA they have, the Au RSA can be thought of as concentration of gold in
the photoactive layers of the cells. The Au RSA is given in units cm2/gT iO2 and means
the total gold nano particle surface area per gram of TiO2.

Using density = 1g/ml for the 10 nm gold colloid and assuming that the gold colloids
can be regarded as water when mixing of the slurry is considered, sets the maximum
amount of 10 nm gold colloid to 1200 mg in the standard composition. A simple cal-
culation shows that using an amount of 1200 mg 10 nm gold colloid will produce an
Au particle area of 21.48 cm 2, see Table 4 on page 59. This means an Au RSA of 107.4
cm2/gT iO2 in a slurry containing 200 mg TiO2. To get the more convenient number 100
for the full amount of Au RSA the amount of 10 nm gold colloid was altered to 1120 mg
colloid per 200 mg TiO2 instead. For the following calculations of gold colloid amounts,
the Au RSA was always used as reference between samples with different GNP size,
and the total amount of gold colloid plus water is limited to 1120 mg in samples con-
taining 200 mg TiO2.
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Figure 36: Outline of the main experiments. The figure shows the division between the two series and
what in and out data that were used in the two cases.
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The results from the characterizations are presented with graphs in Section 9.

8.5.1 Series 1 experiments

For this series of experiments, 10 nm GNPs were used in all cells and varied param-
eters were type of dye and Au RSA. Table 14 shows the 16 different combinations of
cell parameters used in this series. The cells are identified by their index in column 1.
Characterizing measurements were carried out with four different light intensities; 100,
79, 55 and 11 % of full solar simulator light intensity.

Table 14: The combination of dyes and Au RSA used for the cells in series 1.

Cell index GNP size [nm] Dye Au RSA [cm2/gT iO2]
1 0
2 10 455-PF6 25
3 50
4 100
5 0
6 10 620-1H3TBA 25
7 50
8 100
9 0
10 10 SQ2 25
11 50
12 100
13 0
14 10 no dye 25
15 50
16 100
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8.5.2 Series 2 experiments

Based on the results of series 1 the Ruthenizer 455-PF6 dye was chosen to be used for
all the cells in series 2. The parameters to be varied for the cells in series 2 were; GNP
size and Au RSA. Table 15 shows all the combinations of these parameters used for the
cells in series 2. The cells are identified by their index in column 1. The characterizing
measurements were done with four different light intensities in the same way as for
series 1.

Table 15: The combination of dyes and Au RSA used for the cells in series 2.

Cell index GNP size [nm] Dye Au RSA [cm2/gT iO2]
17 0
18 12
19 25
20 5 455-PF6 38
21 50
22 75
23 100
24 125
25 0
26 12
27 25
28 10 455-PF6 38
29 50
30 75
31 100
32 0
33 6
34 40 455-PF6 12
35 18
36 24
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9 Results and discussion

In this section the results from; absorption measurements, TiO2 slurry study, impedance
measurements of the electrolyte and the characterizing of the solar cells are presented.
In both figures and texts, the following abbreviations are used to save space.

• 455 = Ruthenizer 455-PF6 dye.

• SQ2 = Sensidizer SQ2 dye.

• 620 = Ruthenizer 620-1H3TBA dye.

• Tx = Filter transmittance, where x is transmittance in percent. I.e. T100 means
100% transmisssion of light which is the same as the unfiltered light source and
T11 means 11% of the light is transmitted.

• gx = amount of gold where x is the value of the Au RSA in units cm2/gT iO2.

9.1 Absorption measurements
All absorption measurements of dyes and gold colloids were carried out on a Perkin
Elmer Lambda 900 UV/VIS/NIR spectrometer. Absorbance were measured in the wave-
length range 300 - 900 nm. As sample holders, quartz cuvettes with path length of 1 mm
were used for the gold colloid samples and 10 mm for the dye solution samples. The
gold colloid samples were measured undiluted while the dye samples were diluted to
0.015 mM. The settings for the spectrometer were the same in all measurements for both
dyes and gold colloids, these are presented in Table 16.

Table 16: Instrument setting for the absorption measurements.

Instrument Perkin Elmer Lambda UV/VIS/NIR 900
Wavelength range 300 - 900 [nm]
Step size 1 [nm]
Slit size 5 [nm]
Integration time 0.08 [s]
Scan speed 500 [nm/min]
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9.1.1 Absorption spectra of dyes

The graphs from the absorption measurements of the dyes; 455-PF6, 620-1H3TBA and
SQ2 are presented in Figure 37.

Figure 37: Absorption spectra of dyes; 455-PF6, 620-1H3TBA and SQ2. Concentration: 0.015 nM
in ethanol. Ethanol was used for reference to compensate for background signals. 10 mm quarts
cuvettes were used as sample holders.

The graphs in Figure 37 show that the three dyes have quite different absorption
spectra. The SQ2 dye has one high and narrow peak at 657 nm while the 455 and 620
have more spread out absorption spectra. In the region below 500 nm the 455 and 620
dyes absorb more than the SQ2 dye. The measured spectrum of the SQ2 is in good
agreement with results found in [55].
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9.1.2 Absorption spectra of gold colloids

Metal nanoparticles can absorb light when the frequency of the irradiated light match
the plasmonic resonance frequency of the nanoparticles. The plasmonic resonance fre-
quency is dependent of the nanoparticle size and shape, see Section 6. In this work gold
nano particles of size: 2, 5, 10 and 40 nm diameter were initially chosen. Water based
colloids containing these GNPs were characterized with absorption measurements. The
resulting spectra are shown in Figure 38.

Figure 38: Absorptionspectra of the gold colloids containing GNPs of size 2, 5, 10 and 40 nm.
Deionized water was used for reference to compensate for background signals. As sample hold-
ers, 1 mm quarts cuvettes were used.

Colloids containing GNPs of size 5, 10 and 40 nm have their absorption peaks quite
close to each other, centred around 525 nm. The 40 nm sample has the most distinct
and also the highest peak. The 5 nm GNPs show the most broad absorption spectra
and they absorb more than the others for wavelengths below 500 nm, i.e. they absorb
more of the high energy wavelengths of the light. The 2 nm gold colloid did not show
any absorption in the measured wavelength interval, therefore the 2 nm GNPs were
excluded from the actual experiments with cells containing GNPs.
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9.2 TiO2 slurry composition

As mentioned earlier, the aim was to study effects on the cell performance of GNPs dis-
persed in the anode. To best clarify these effects, thin TiO2 films (0.7 - 0.8 nµm) were
used. Typical thickness of TiO2 films used in DSSCs is about 10 µm but in this work
even thinner films were desired [15, 56]. One way to evaluate the effects on the optical
absorption of added GNPs is to study the absorption spectra of the resulting TiO2 films.
To have this option the TiO2 films need to be thin enough to be somewhat transparent
to UV/VIS/NIR light. The absorption spectra of the final TiO2 films were not measured
in this work.

Different compositions of TiO2 slurry and applying methods as declared in Table 11
on page 67 were tested to achieve thin and homogeneous TiO2 films. The result of these
tests is listed in 1 - 5 below:

1. The doctor blade method did not work well for any of the tested samples, either
the resulting films were inhomogeneous or they were too thick and opaque to be
used in absorption measurements.

2. For all slurries containing ethanol, i.e samples 1 - 4, there were problems with the
fast evaporation of the solvent, this caused cracks in the film in most of the tried
cases. For these samples the resulting films were also inhomogeneous. In sample
3 and 4 three times more Triton were added to facilitate the spreading of the slurry
but the produced films were still not homogeneous.

3. In sample 5 - 7, isopropanol was used as solvent, these compositions produced
films without cracks but the issue with inhomogeneous films remained. Sample
6 and 7 were too dilute, basically no material stayed on the substrate during the
spin coating and the doctor blade method did not work well either.

4. In sample 8 - 12 deionized water was used as solvent instead and for these com-
positions the spin coating produced more homogeneous films. Sample 8 and 9
produced a bit too opaque films considering possibilities of absorption measure-
ments and samples 11 an 12 were too dilute to produce good films. Sample 10
was regarded as the best option among these for producing the desired, thin and
homogeneous TiO2 films.

Figure 39 on the facing page shows two examples of poor TiO2 films made in this
study. The two main issues, inhomogeneous film and formation of cracks are clearly
seen in both examples. The samples are not annealed so the observed cracks were
formed after the spin coating process, during the evaporation of the solvents.
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(a)

(b)

Figure 39: Photographs showing examples of poor results of applied TiO2. These films were
made from slurries containing ethanol. The samples are not annealed. (a) sample 2 applied with
the doctor blade method using a glass rod. (b) sample 3 applied with spin coating process of
1100 rpm for 5 s + 3930 rpm for 10 s + 5300 rpm for 10 s (spin coater program 98).

The best result for applying the slurry to the glass substrate was achieved using a
water based composition with a mass ratio of water and TiO2 of 1200/200 applied with
spin coating program 95, see Table 11 on page 67. The thickness of these TiO2 films was
0.7 - 0.8 µm. Based on observations in this study, the composition of sample 10 was
chosen as the standard slurry to be used as an starting point when the composition of
slurrys including GNPs should be decided.

In some cases there were remaining particles or lumps in the TiO2 film after the
spin coating, these particles were large enough to identify with visual inspection, see
Figure 40 on the following page. By trying different combinations of grinding and son-
icating of the slurrys, it was found that these inhomogeneities could be eliminated by
grinding TiO2 slurry with a mortar for 30 min. and then sonicate it for 30 min. prior to
the spin coating process.
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Figure 40: Photograph of an electrode, spin coated with a slurry composition according to Ta-
ble 9 on page 65 with x=0.25. The slurry was sonicated for 30 min. but not worked on with the
mortar. The spin coating was performed with program 95 and the electrode was annealed at 470
◦C for 30 min. The photograph clearly shows residual large particles in the final TiO2 film.
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9.3 Impedance measurements of the electrolyte

The conductivity of the electrolyte is of great importance because it is a property that
might limit the photocurrent in the cell [45]. The conductivity can be calculated from
impedance measurements. The impedance of the Hex120 electrolyte, composed accord-
ing to Table 8 on page 64, was measured with the HP 4192A LF impedance analyser in a
frequency range from 5 Hz to 13 MHz and temperature range of 0 - 60 ◦C. The Nyquist
plot of the measurements is shown in Figure 41.

Figure 41: Nyqvist plot of the impedance measurements for Hex120 elec-
trolyte in the temperature range 0 - 60 ◦C with 5 ◦C separation between each
measurement.

The conductivity is calculated from the measured results as [57]:

σ = l

R · A
(30)

where l = length of sample (0.071 cm) and A = cross section area of the sample (0.8642
cm2). The resistance R is read from the graphs where the imaginary part of the impedance
has its minimum, the plot shows decreasing resistance with increasing temperature for
this electrolyte. The resistance and the calculated conductivity of the sample are pre-
sented in Table 17 and Figure 42 on the next page.
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Table 17: Measured resistance and calculated conductivity in the temperature
interval 0 - 60 ◦C for the Hex120 electrolyte.

Temperature [◦C] Resistance [Ω] Conductivity [mS/cm]
0 74.78 1.10
5 61.15 1.34
10 51.64 1.59
15 47.06 1.74
20 50.97 1.61
25 43.89 1.87
30 40.04 2.05
35 35.50 2.31
40 32.07 2.56
45 28.75 2.89
50 26.67 3.08
55 24.28 3.38
60 22.89 3.59

Figure 42: Resistance and conductivity in the temperature in-
terval 0 - 60 ◦C for the hex120 electrolyte.

The conductivity increases with temperature. This behaviour can be expected since
the ions in the electrolyte should be able to move more freely as the gel electrolyte be-
comes less rigid with increasing temperature. The calculated values for the conductivity
in the temperature interval 0 - 60 ◦C are in the range of 1.1 to 3.59 mS/cm which is in
accordance with earlier reported results [28]
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9.4 Characterization of the cells

To observe and evaluate effects of adding GNPs into the photoactive layers of the cells,
characterizations of performing cells were carried out. As described in the experimen-
tal section, all characterizations of the assembled cells were based on measuring the I-V
characteristics with different intensities of irradiating light. Irradiation intensity was
varied by using different filters. Data from the measurements were used for additional
calculation of performing properties.

The results are presented with graphs showing how different performing proper-
ties of the cells were affected by or correlated with the varied parameters. The graphs
present the properties as functions of Au RSA in the unit cm2/gT iO2. To facilitate com-
parison to other units, a translation between Au RSA, Au wt % and number of GNPs is
given in Table 18. The results from the characterizations of the cells are presented in an
order that reflects the outline of the experiments as shown in Figure 36 on page 74.

Table 18: Translation between different units of GNP amounts. The table translates between; Au RSA
[cm2/gT iO2], wt % and number of GNPs per gram of TiO2. The wt % is here defined as mass of gold
divided by mass of TiO2, expressed in percent. The table is based on the combinations of Au RSA and
GNP size that were used for the different cells.

GNP size Quantity Value
[nm]

Au RSA 12 25 38 50 75 100 125
5 wt % ·10−3 1.9 4.0 6.1 8.1 12.1 16.1 20.1

# GNPs ·1013 1.5 3.2 4.8 6.4 9.5 12.7 15.9
Au RSA 12 25 38 50 75 100

10 wt % ·10−3 3.9 8.1 12.2 16.1 24.1 32.2
# GNPs ·1012 3.8 8.0 12.1 15.9 23.9 31.8
Au RSA 6 12 18 24

40 wt % ·10−3 7.7 15.5 23.2 30.9
# GNPs ·1011 1.2 2.4 3.6 4.8

All cells from series 1 and 2 were characterized with varied intensities of irradiated
light, this resulted in a large amount of I-V graphs and all of them are not presented
here, instead a smaller collection of these is chosen to be shown. In the text and the
captions of the figures, the cells are referred to with the index numbers as presented in
the Table 14 on page 75 and Table 15 on page 76.
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9.4.1 I-V graphs for cells in series 1

In series 1, cells containing 10 nm GNPs and cells with no GNPs were studied in combi-
nation with the different dyes; 455, 620 and SQ2, blank samples without dye sensitation
were also included. In Figures 43 and 44 on the next page, the characteristic I-V graphs
of these experiments are presented. Efficiency, fill factor, open circuit voltage and short
circuit current are presented in the captions to the figures.

Cells without GNPs

(a) Cell nr. 13
η = 3.12 · 10−4, ff=0.46
Voc=0.39 V, Isc=14.8 µA

(b) Cell nr. 1
η = 3.11 · 10−4, ff=0.42
Voc=0.27 V, Isc=23.4 µA

(c) Cell nr. 5
η = 10.7 · 10−4, ff=0.43
Voc=0.58 V, Isc=36.6 µA

(d) Cell nr. 9
η = 7.26 · 10−4, ff=0.50
Voc=0.41 V, Isc=30.2 µA

Figure 43: I-V graphs for solar cells with different dyes and without GNPs, irradiated with
unfiltered light.
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Cells containing GNPs

To present I-V graphs for cells containing GNPs, cells with Au RSA of 25 cm2/gT iO2
were chosen because they showed the highest efficiencies in this series.

(a) Cell nr. 14
η = 2.75 · 10−4, ff=0.43
Voc=0.38 V, Isc=14.5 µA

(b) Cell nr. 2
η = 5.02 · 10−4, ff=0.40
Voc=0.33 V, Isc=32.3 µA

(c) Cell nr. 6
η = 11.5 · 10−4, ff=0.45
Voc=0.55 V, Isc=39.7 µA

(d) Cell nr. 10
η = 9.2 · 10−4, ff=0.42
Voc=0.44 V, Isc=42.7 µA

Figure 44: I-V graphs for solar cells with different dyes and GNP content of Au RSA = 25
cm2/gT iO2, irradiated with unfiltered light (T=100).

In Figure 43 on the facing page, I-V graphs from cells without GNPs are shown and
in Figure 44 a-d graphs from cells containing 10 nm GNPs are shown. All these cells
show quite low fill factors, between 0.42 and 0.50 for the cells without GNPs and be-
tween 0.40 and 0.45 for the cells containing GNPs. In fact, all cells in series 1 show
low fill factors, the values varies between 0.39 and 0.55. If the DSSCs are considered as
described by the solar cell equivalent model presented in Section 5, the low fill factor
might be explained by low shunt resistance caused by electrolyte contacting the TCO
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glass. Also the efficiencies for these cells are quite low, a reason for the low efficien-
cies can be low rate of photon to electron conversion due to the fact that the absorbing
photoactive layers used in this work were quite thin (< 1µm).

The thin and porous TiO2 films might be an explanation for short circuits between
the conducting surface of the TCO glass and the electrolyte. Thin and porous TiO2 films
might contain small channels through which electrolyte directly can contact the TCO
glass. If this happens, it opens more possible routes for recombining electrons directly
from the TCO glass to the dye or to transfer electrons to tri-iodide molecules in the elec-
trolyte. These short circuit currents will lower the shunt resistance in the cell. In the
article by Guliani et.al [45] it is also discussed that low shunt resistance may be caused
by electron transfer from the TiO2 to the electrolyte in the interface of TiO2, dye and
electrolyte. In this work the TiO2 films containing GNPs and dye were directly contact-
ing the TCO glass and therefore electron transfer between the TCO glass and the dye as
well as the GNPs must exist also.

It might be possible though, to prevent these back currents by composing the semi-
conducting part, the TiO2 layer, differently. Instead of using only one layer for attaching
and electrically contacting the TiO2 film to the conducting glass as well as for absorbing
the dye, as it was done here, several layers can be used instead. Doing so, the first layer
can be made very thin and dense without organic components which basically is used
to achieve porous layers. This thin layer will make a good contact with the TCO glass
and at the same time effectively prevent the electrolyte from contacting the glass. How-
ever, thin and dense layers will not make a good absorber for the dyes. On top of this
first layer, thicker porous layers can be added to get effective absorption of the dye, the
result will be a cell with good absorption of dye, still able to isolate the electrolyte from
the TCO glass.

9.4.2 Efficiency of cells in series 1

To decide which dye from series 1 should be used to produce cells that react most pos-
itive to variations in Au RSA, normalized graphs of efficiency vs Au RSA were made.
These graphs are presented in Figure 45 on the facing page. The normalization is made
with respect to the value of efficiency of the sample without any GNPs (Au RSA 0 in the
graphs).
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Figure 45: Normalized graphs of efficiency vs Au RSA for cells with different dyes, these graphs
show results for cells irradiated with unfiltered light, T=100.

From the normalized graphs in Figure 45, it is clear that cells sensitized with 455-
PF6 dye are the most positively reacting ones to addition of GNPs up to an Au RSA of
25 cm2/gT iO2. For the cells without sensitizing dye the efficiency was decreased when
GNPs were added. The graphs for the sensitized cells show a peak performance in
efficiency, indicating that above a certain value of Au RSA further addition of GNPs will
be contra productive and the efficiency will decrease. This is valid for all dye sensitized
cells. The efficiency peaks occurred at different amount of Au RSA depending on which
sensitizing dye was used. The maximum relative increase of efficiency for the different
cells is also presented in Table 19.

Table 19: Max relative increase of efficiency for dye sensitized cells containing GNPs of size 10 nm.

Sensitizing dye Rel. increase of η [%] Au RSAmax.incr. [cm2/gT iO2]
455-PF6 61 25
620-1H3TBA 15 50
SQ2 27 25
No dye neg. -
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9.4.3 Current at maximum power of cells in series 1

Normalized graphs of IPmax as function of Au RSA were also made to see if the vari-
ations in efficiency and current at maximum power follow the same pattern as the Au
RSA is varied. The normalization is made with respect to the value of the sample with-
out any GNPs (Au RSA 0 in the graphs).

Figure 46: Normalized graphs of IPmax vs Au RSA for cells with different dyes and unfiltered
light, T=100.

The graphs in Figure 46 show that cells with 455-PF6 and SQ2 dye have approxi-
mately the same relative increase of IPmax and also that this occurs at the same Au RSA,
25 cm2/mgT iO2. As shown in Figure 45 on the preceding page and Figure 46, the rela-
tive increase in efficiency is higher for cells with sensitized with 455-PF6 dye than for
those sensitized with SQ2 dye while the relative increase of IPmax is approximately the
same. For cells sensitized with 620-1H3TBA the relative increase of efficiency and IPmax
show similar dependence on variations in Au RSA. Max. relative increase of IPmax for
the different cells is also presented in Table 20 on the facing page below:
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Table 20: Max relative increase of current at maximum power, IP max for dye sensitized cells containing
GNPs of size 10 nm.

Sensitizing dye Rel. increase of IP max [%] Au RSAmax.incr. [cm2/gT iO2]
455-PF6 38 25
620-1H3TBA 13 50
SQ2 41 25
No dye neg. -

9.4.4 I-V graphs for cells in series 2

Based on the results in series 1 it was decided that cells in series 2 should be sensitized
with the 455-PF6 dye. In series 2, this dye was tested in combinations with GNPs of
sizes 5, 10 and 40 nm. In order to get more detailed measurements, the collection of
samples was also extended to contain more values of Au RSA. First a collection of I-V
graphs from series 2 is presented. For each GNP size, the cell with the Au RSA that pro-
duced the highest efficiency under unfiltered irradiation was chosen for this collection.
The I-V graphs for these cells are shown in Figure 47 on the next page.
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I-V graphs of cells with highest efficiency from series 2

(a) Cell nr. 19
η = 4.59 · 10−4, ff=0.45
Voc=0.33 V, Isc=26.3 µA

(b) Cell nr. 28
η = 5.31 · 10−4, ff=0.38
Voc=0.35 V, Isc=34.2 µA

(c) Cell nr. 33
η = 5.63 · 10−4, ff=0.44
Voc=0.41 V, Isc=26.5 µA

Figure 47: I-V graphs for solar cells containing 455-PF6 dye and GNPs of size; 5, 10 and 40 nm.
Irradiation with unfiltered light.

The graphs in Figure 47 a-c and the calculated values show that these cells have
quite low fill factors and efficiencies, this was the case for the cells in series 1 as well.
The rather poor cell performance was observed not just for these chosen cells, it was
also observed as a general result for all cells in series 2. The reasons for the poor cell
performance of the cells here is believed to be the same as discussed for the cells in se-
ries 1.
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9.4.5 Efficiency of cells in series 2

In the following, efficiencies for cells from series 2 are presented with graphs of effi-
ciency as function of Au RSA. The plots are divided into two groups; one group show-
ing efficiency for different light intensities, one plot for each GNP size; the other group
showing the efficiencies for the different GNP sizes, one plot for each light intensity.
This system of grouping plots is also used for the presentations of fill factor, open cir-
cuit voltage, short circuit current, current at maximum power and voltage at maximum
power that follows.

Efficiency at different light intensities

(a) Efficiency for cells containing 5 nm GNPs and dye 455
at different light intensities.

(b) Efficiency for cells containing 10 nm GNPs and dye 455
at different light intensities

(c) Efficiency for cells containing 40 nm GNPs and dye 455
at different light intensities

Figure 48: Efficiency as function of Au RSA for cells sensitized with 455-PF6, irradiated with different light intensities.
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Efficiency at different GNP size

(a) Efficiency for different cells with GNP size 5, 10 or 40
nm with T100 and dye 455.

(b) Efficiency for different cells with GNP size 5, 10 or 40
nm with T79 and dye 455.

(c) Efficiency for different cells with GNP size 5, 10 or 40
nm with T55 and dye 455.

(d) Efficiency for different cells with GNP size 5, 10 or 40
nm with T11 and dye 455.

Figure 49: Efficiency as function of Au RSA for cells with dye 455-PF6 and different GNP size.

Figure 48 on the previous page and Figure 49 clearly show that efficiency has a peak
behaviour when studied as function of Au RSA, this is valid for all the different light
intensities used here. The graphs in Figure 48 on the previous page also show that the
efficiencies reach the peak value at different Au RSA. The 5 nm cells have peaks at 12
and 25, 10 nm cells at 38 and 40 nm cells at 6 cm2/gT iO2 Au RSA. The efficiency for the
10 nm cell with 38 cm2/gT iO2 Au RSA, irradiated under T11 filtering seems to deviate
from the general pattern, this might be due to some measurement error.
The 40 nm cells reach the highest efficiency, this occurs for the T55 irradiation. Consid-
ering efficiency, the cells with 40 nm GNPs are less affected than the others by variations
in light intensity. The maximum difference between max and min efficiency due to vari-
ations in light intensity is shown in Table 21 on the facing page.
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Table 21: Table showing max decrease in efficiency due to variations in
light intensity.

GNP size [nm] Rel. decrease of efficiency [%]
5 64
10 55
40 22

The cells with 40 nm GNPs were the least sensitive ones to variations in light in-
tensity and also, with efficiency peaks occurring at the same Au RSA for different light
intensities.
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9.4.6 Fill factor of cells in series 2

Fill factor at different light intensity

(a) Fill factor for cells containing 5 nm GNPs and dye 455
at different light intensities.

(b) Fill factor for cells containing 10 nm GNPs and dye 455
at different light intensities.

(c) Fill factor for cells containing 40 nm GNPs and dye 455
at different light intensities.

Figure 50: Fill factor as function of Au RSA for different light intensities and dye 455-PF6.

98



9 RESULTS AND DISCUSSION 9.4 Characterization of the cells

Fill factor with different GNP size

(a) Fill factor for different cells with GNP size 5, 10, or 40
nm with T100 and dye 455.

(b) Fill factor for different cells with GNP size 5, 10, or 40
nm with T79 and dye 455.

(c) Fill factor for different cells with GNP size 5, 10, or 40
nm with T55 and dye.

(d) Fill factor for different cells with GNP size 5, 10, or 40
nm with T11 and dye 455.

Figure 51: Fill factor as function of Au RSA for different GNP size and dye 455-PF6.

The fill factor for the 5 and 10 nm GNPs show a local minima at 50 and 38 cm2/gT iO2
Au RSA respectively. The 40 nm cells show a maximum at 6 cm2/gT iO2 Au RSA. In
general the values of the fill factor were quite low.
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9.4.7 Short circuit current of cells in series 2

In the preceding section, the efficiency and fill factor were studied in different graphs.
With the aim to study the effects of added GNPs on cell performance, it can be a bit
misleading to study the efficiency alone, being a product of voltage and current. The
produced current itself is also of great interest as it reflects the efficiency of the photon to
electron conversion more directly than the overall cell efficiency. A significant increase
in produced photocurrent can be obscured by low voltage if efficiency alone is studied.
In the following the short circuit current, ISC which is a measure of how much current
the cell can produce, is presented as function of Au RSA, the plots are grouped as de-
scribed before.

Studying the power efficiency, the attention is on the the generation of usable elec-
trons, that is electrons that actually reach the outer circuit of the cell where it contributes
to the efficiency and can be used for electrical work. It is a known fact that some of the
photoexcited electrons are recombined somewhere between the excitation and the enter-
ing of the outer circuit. There are a several possible routes for recombinations between
these events and the main parts of the recombinations will be to oxidized dye molecules
or to the electrolyte, see Figure 11 on page 28. These recombinations will most probably
affect the produced usable cell current and voltage, which in turn affects the efficiency.
Recombinations are not measured or even estimated in this work but it should be kept
in mind that these processes are always present to some extent. The currents presented
in the following are the actual measured currents in an outer circuit.
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Short circuit current at different light intensity

(a) Short circuit current ISC for cells containing 5 nm
GNPs and dye 455 at different light intensities.

(b) Short circuit current ISC for cells containing 10 nm
GNPs and dye 455 at different light intensities.

(c) Short circuit current ISC for cells containing 40 nm
GNPs and dye 455 at different light intensities.

Figure 52: Short cicuit current ISC as function of Au RSA for different light intensities and dye 455-PF6.
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Short circuit current for different GNP size

(a) Short circuit current ISC for different cells with GNP
size 5, 10 or 40 nm with T100 and dye 455.

(b) Short circuit current ISC for different cells with GNP
size 5, 10, or 40 nm with T79 and dye 455.

(c) Short circuit current ISC for different cells with GNP
size 5, 10, or 40 nm with T55 and dye 455.

(d) Short circuit current ISC for different cells with GNP
size 5, 10, or 40 nm with T11 and dye 455.

Figure 53: Short circuit current ISC as function of Au RSA for different GNP size and dye 455-PF6.

There is a peak behaviour for the short circuit current ISC as function of Au RSA, the
peak occurs at different Au RSA for the the different GNP sizes; for 5 nm at 12 , for 10
nm at 38 and for 40 nm at 6 cm2/gT iO2 Au RSA. Comparing the graphs of short circuit
current and efficiency as function of Au RSA, it is seen that the 5 nm cells peak in ISC at
less Au RSA than the efficiency (12 instead of 25 cm2/gT iO2) while the 10 nm and 40 nm
cells peak at the same values of Au RSA. When comparing the graphs in Figure 48 on
page 95 and Figure 52 on the previous page, it is also clear that the ISC is more reactive
to variations in light intensity than efficiency.
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The highest value of ISC is achieved by using 10 nm GNP. It is also observed that the
ISC is always increasing with increasing light intensity, this was not the case with the
efficiency. This shows that the overall efficiency is not solely limited by poor absorption
and photon to electron conversion but also how the cell voltage follows the variations
in current.
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9.4.8 Open circuit voltage of cells in series 2

Open circuit voltage at different light intensity

(a) Open circuit voltage VOC for cells containing 5 nm
GNPs and dye 455 at different light intensities.

(b) Open circuit voltage VOC for cells containing 10 nm
GNPs and dye 455 at different light intensities.

(c) Open circuit voltage VOC for cells containing 40 nm
GNPs and dye 455 at different light intensities.

Figure 54: Open circuit voltage VOC as function of Au RSA for different light intensities and dye 455-PF6.
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Open circuit voltage with different GNP size

(a) Open circuit voltage VOC for different cells with GNP
size 5, 10, or 40 nm with T100 and dye 455.

(b) Open circuit voltage VOC for different cells with GNP
size 5, 10, or 40 nm with T79 and dye 455.

(c) Open circuit voltage VOC for different cells with GNP
size 5, 10, or 40 nm with T55 and dye 455.

(d) Open circuit voltage VOC for different cells with GNP
size 5, 10, or 40 nm with T11 and dye 455.

Figure 55: Open circuit voltage VOC as function of Au RSA for different GNP size and dye 455-PF6.

The open circuit voltage shows peak behaviour as function of Au RSA and the 40
nm cells show the most pronounced peak. The 5 nm cells show a dip at 38 cm2/gT iO2
Au RSA at all four intensities of light. The dip might be caused by poor function of this
particular cell (cell nr. 20, 5 nm GNPs and 38 cm2/gT iO2 Au RSA). The highest value of
VOC is reached with the 40 nm GNPs, this value is 0.41 v and it occurs at 6 cm2/gT iO2
Au RSA. For the 5 and 40 nm cells the shape of the graphs are similar when compared
between the different light intensities.
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9.4.9 Current at maximum power of cells in series 2

The current at maximum power as function of Au RSA and light intensity might bring
information about how the actual produced current is varying at the point where effi-
ciency is evaluated. Figures 56 and 57 on the next page show graphs of IPmax vs Au RSA
for different GNP size and light intensities at the point of maximum power.

IPmax at different light intensity

(a) Current at maximum power IPmax for the 5 nm GNPs
and dye 455-PF6 at different light intensities

(b) Current at maximum power IPmax for the 10 nm
GNPs and dye 455-PF6 at different light intensities

(c) Current at maximum power IPmax for the 40 nm
GNPs and dye 455-PF6 at different light intensities

Figure 56: Current at maxpower, IPmax as function of Au RSA for different light intensities and dye 455-PF6.
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IPmax with different GNP size

(a) Maxcurrent IPmax for different cells with GNP size 5,
10, or 40 nm with T100 and dye 455.

(b) Maxcurrent IPmax for different cells with GNP size 5,
10, or 40 nm with T79 and dye 455.

(c) Maxcurrent IPmax for different cells with GNP size 5,
10, or 40 nm with T55 and dye 455.

(d) Maxcurrent IPmax for different cells with GNP size 5,
10, or 40 nm with T11 and dye 455.

Figure 57: Current at maxpower IPmax as function of Au RSA for different GNP size and dye 455-PF6.

IPmax as function of Au RSA has a peak behaviour for all three GNP sizes, the peak
occurs at different Au RSA for the different GNPs. The peaks occurs at; 12 cm2/gT iO2
Au RSA for the 5 nm, 25-38 cm2/gT iO2 for the 10 nm and 6 cm2/gT iO2 for the 40 nm
GNPs. Both 5 nm and 40 nm GNPs have more distinct peaks than the 10 nm GNPs. The
current at maximum power is increasing for increased light intensity, this was also the
case for the short circuit current.
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9.4.10 Voltage at maximum power of cells in series 2

The variation of the cell voltage at the working point where the power reaches maxi-
mum as function of Au RSA for different GNP sizes and light intensity is presented in
Figures 58 and 59 on the next page.

VPmax at different light intensity

(a) Voltage at maximum power VPmax for the 5 nm GNPs
and dye 455

(b) Voltage at maximum power VPmax for the 10 nm
GNPs and dye 455

(c) Voltage at maximum power VPmax for the 40 nm
GNPs and dye 455.

Figure 58: Voltage at maximum power, VPmax as function of Au RSA for different light intensities and dye 455-PF6.
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VPmax with different GNP size

(a) Voltage at maximum power, VPmax for different cells
with GNP size 5, 10 or 40 nm with T100 and dye 455

(b) Voltage at maximum power, VPmax for different cells
with GNP size 5, 10 or 40 nm with T79 and dye 455

(c) Voltage at maximum power, VPmax for different cells
with GNP size 5, 10 or 40 nm with T55 and dye 455

(d) Voltage at maximum power, VPmax for different cells
with GNP size 5, 10 or 40 nm with T11 and dye 455-PF6

Figure 59: Voltage at maxpower, VPmax as function of Au RSA for different GNP size and dye 455.

The voltage at maximum power, VPmax, has a peak behaviour for all three GNP
sizes, the peaks occurs at different Au RSA for each of them; they occur at 25, 38 and
6 cm2/gT iO2 Au RSA for the 5 nm, 10 nm and 40 nm cells respectively. The 10 nm has
a significant local minimum at 38 Au RSA for the T11 light, this might be a measure-
ment error. VPmax follows the same pattern for the different light intensities. In general,
VPmax is increasing with increased light intensity. The pattern of VPmax as a function of
Au RSA is similar to that of IPmax.
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When comparing the graphs in Figure 48 on page 95 to Figure 59 on the previous
page showing the properties; η, FF, ISC , VOC , IPmax and VPmax as function of Au RSA,
some pattern emerges. A peak behaviour shows for most of these properties, where
positive effects are achieved up to a certain level of Au RSA. For amounts above this
level the positive effect declines and in some cases the effects of adding GNPs are even
negative at high enough levels. It was also shown that adding GNPs to cells without
sensitizing dyes was contra productive and decreased the cell efficiency for all amounts
of GNPs that were used in this work.

For the 5 and 10 nm cells the peak values appear at different amount of GNPs but
for the 40 nm cells the peak values occur at the same amount of gold, 6 cm2/gT iO2 for
all the properties mentioned above. As mentioned in Section 2, GNPs of size 5 to 20 nm
might not contribute to scattering of the light [21]. This might implicate that the prop-
erties; η, ISC , VOC , FF, IPmax and VPmax for cells containing 40 nm GNPs is affected more
by the scattering effects from the GNPs than effects of enhanced near fields. It was also
shown that the best response for cells with 40 nm GNPs was achieved with Au RSA of
6 cm2/gT iO2. One reason for the peak to occur at this same amount of GNP might be
that effects of reflections and screening of light will lower the photon flux significantly
in the photoactive layers for gold amounts higher than 6 cm2/gT iO2 when 40 nm GNPs
are used.

Looking at these result it seems that the 40 nm GNPs produces cells with the most
positive response to added amount of gold if cell efficiency is considered. However, it
should be kept in mind that these graphs show efficiency versus Au RSA which is not
the same as relative amounts measured in number of particles or mass of gold. To see
which GNP size increased the efficiency most per number of particles or mass of gold,
some translation calculations needs to be done. Translation between the quantities total
surface area, number of GNPs and mass of gold is shown in Table 18 on page 87.

An example of comparison; the efficiency graphs in Figure 49 on page 96 show that
efficiency peaks at 25, 38 and 6 cm2/gT iO2 Au RSA for the 5 nm, 10 nm and 40 nm cells
respectively. If these values are used and translated according to Table 18 on page 87
the result is; using 5 nm, 10 nm and 40 nm GNPs would require 16.1, 48.9 and 30.9 mass
units of gold respectively. This means that if mass of gold is to be considered, the most
efficient concept for reaching the efficiency peak would be to use GNPs of size 5 nm at
25 cm2/gT iO2 Au RSA, the second most efficient would be 40 nm GNPs at 6 cm2/gT iO2
and the least efficient is 10 nm GNPs at 38 cm2/gT iO2.
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10 Conclusions and outlook

Conclusions

As a first study, experiments using different sensitizing dyes; Ruthenizer 455-PF6,
Ruthenizer 620-H3TBA and Sensidizer SQ2 in combination with 10 nm GNPs in dif-
ferent amounts were performed. Cells were built and characterized with I-V graphs at
different light intensities. These experiments showed that, when cell efficiency is con-
sidered, cells sensitized with Ruthenizer 455-PF6 dye were most positively sensitive to
addition of GNPs in the photoactive layer.

In a second series of experiments, the Ruthenizer 455-PF6 dye was further tested in
combinations with 5 , 10 and 40 nm GNPs in different amounts. Cells were built and
characterized the same way as for series 1.

It was observed that the dependence on cell efficiency of variations in Au concen-
tration show a peak behaviour for all three sizes of GNPs. This peak occurs at different
Au concentration for the different sized GNPs. The cells containing 40 nm GNPs have
the most pronounced efficiency peak. This peak is reached at 6 cm2/gT iO2 Au RSA, in-
dependent of light intensity. Cells containing 5 nm and 10 nm GNPs reach their peak
values at higher Au RSAs, 25 and 38 cm2/gT iO2 respectively.

From a separate study of nitric acid effects on the GNP colloids of size 5, 10 and
40 nm, it was shown that nitric acid affects the optical properties of the gold colloids
significantly. Both the absorbance and the surface plasmon absorption maximum, λmax
were affected by the acid. The smallest GNPs (5 nm) were less affected than the 10 nm
and the 40 nm GNPs. This shows that, due to the nitric acid in the TiO2 slurry, the actual
size and shape of the GNPs in the final annealed TiO2 layers, might differ compared to
what was originally in the added GNP colloid.

The surface plasmon absorption maximum was affected differently for colloids of
different sized GNPs. However, a red shift in the absorption-spectra was observed for
all three sizes of GNPs when nitric acid was added to the colloids.

From I-V characterizations of cells containing different amount of nitric acid, effi-
ciency was observed to decrease with decreasing amount of nitric acid used in the TiO2
slurry. This clearly shows that efficiency can not be improved just by decreasing the
amount of nitric acid.
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Future work

Interesting future work connecting to this work would be finding methods to mea-
sure and identify the final size and shape of the GNPs in the annealed TiO2 films. This
would provide very useful information when results from experiments similar to this
are evaluated and discussed in terms of GNP size.

Another interesting approach would be to explore possibilities of replacing nitric
acid by some other substance that does not affect the GNP size and shape. Exploring
other approaches as for ex; not placing the GNPs directly into the acidic TiO2 slurry
might also solve the problem of GNPs degrading in acidic environments.

Furthermore, it is of greatest interest to look for new dyes that might work even
more efficiently in combination with metal nano particles in the concept of DSSCs.

Considering the results from this work it looks promising that cell efficiencies can be
improved by using nanoplasmonic effects, because poor efficiency is an issue that has
to be properly addressed if the dye sensitized solar cells should be able to compete on
the future market of solar energy converters.
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A Furnace test

The furnace used for annealing of the anode electrodes was controlled with respect to
the dynamics of the temperature response and the residual error in the final temper-
ature. The furnace used for this is a chamber furnace, type GEM PD from Carbolite
equipped with a temperature control unit from Eurotherm. The control unit has two
controls to be set by the user, one for final temperature and one for regulation param-
eters which control the dynamic response of the furnace. In this work two settings of
the regulation parameters were used, fast regulation and slow regulation which corre-
spond to the highest and lowest rate of temperature increase respectively. Four different
measurements were carried out, all with the same final temperature setting of 450 ◦C.
Two methods for temperature setting were used, setting to 450 ◦C directly or raising the
setting in steps following a program.
The different measurements were set up as shown in Table 22.

Table 22: The different measurement set-ups.

Regulation Method
Fast Temperature directly set to 450
Fast Temperature set according to program
Slow Temperature directly set to 450
Slow Temperature set according to program

Graphs showing the results of the measurements is found in Figures 60 and 61, the red
graph shows the temperature setting program.

(a) Temperature with fast regulation and tempera-
ture directly set to 450 ◦C.

(b) Temperature with fast regulation and tempera-
ture set to 450 ◦C following a program.

Figure 60: The two measurements carried out with fast regulation of the temperature.
(a) Without using temperature setting program. (b) Using temperature setting program.
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(a) Temperature response with with slow regulation
and temperature directly set to 450 ◦C.

(b) Temperature response with slow regulation and
temperature set to 450 ◦C following a program

Figure 61: The two measurements carried out with slow regulation of the temperature.
(a) Without using temperature setting program. (b) Using temperature setting program.

The results show that the actual temperature of the furnace overshoot the set value,
not only for the temporary maximum value but also for the final value, resulting in
residual errors 1. Both the transient errors and the residual ones are larger when the
fast regulation setting is used. If the temperature is set to 450 ◦C directly, the final
value is reached within 40 minutes with fast regulation and within 50 minutes with
slow regulation. Some values from this measurements showing absolute and relative
errors are collected in Table 23.

Table 23: Result from furnace measurements. Relative overshoot of the temperature is calculated as dif-
ference between maximum measured (Tm) and set temperature (Ts), divided by set temperature. Relative
error is the difference between final temperature (Tf ) and set temperature, divided by set temperature.

Measurement type Max temp. Rel. overshoot Final temp. Residual error Relative error
[◦C] [%] [◦C] [◦C] [%]

Fast regulation 525 17 475 25 5
Fast regulation - pgm. 508 13 479 29 6
Slow regulation 503 12 467 17 4
Slow regulation - pgm. 487 8 468 18 4

For the annealing of TiO2 films in this work, the furnace was always used with the
slow setting, following the setting program and final temperature set to 450 ◦C. This
means that the actual annealing temperature of the TiO2 films was about 470 ◦C.

1 residual error = difference between set value and final value of temperature
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B Solar simulator test

To produce light irradiation with spectral distribution similar to sunlight, a solar simu-
lator, model LS0106 from LOT Oriel was used. The power of the simulated light from
this device was specified to 1 sun which corresponds to a power of 1000 W/m2 in radio-
metric units. The light source within this simulator is a 150 W xenon lamp. This lamp
in combination with a built in AM 1.5 filter produces a spectral distribution of light that
resembles natural AM 1.5 sunlight.

With the set-up used in this work, the solar simulator produced a 35 mm diameter
light beam in the working plane at a distance of 80 mm from the condenser lens. The
solar cells that were to be irradiated were much smaller than this. The typical irradiated
area of solar cells used in this work is approximately 7 by 7 mm. A mask with known
aperture was used to have control of the irradiated power, this made the utilized area
in the light beam even smaller. The smaller size of the irradiated cell area compared to
the light beam cross section area makes it possible to place the cell in different positions,
still having the irradiated area completely within the light beam cross section area.
Therefore, before the actual measurements were performed on solar cells with this set-
up, the homogeneity of the light beam in the working plane as well as stability in time
was studied with respect to optical power. This was performed using a photo detector
to measure the power in different known positions in the working plane of the light
beam. Positions and measured data were saved for evaluation. The photo detector
used for this was a sun calibrated reference detector, model 3275-01 from Sciencetech
Inc. with a known calibration for light with spectra similar to sunlight. The responsiv-
ity was declared as 1.81 mA/sun from the manufacturer.
In addition, two photo diodes were also used; a FDS100 from Thor-Labs and a BPW 21
from OSRAM. Measurements with these two diodes were made just for comparison of
the more sophisticated instrument from Sciencetech. The measurements with the 3275-
01 detector were made in 17 different position while the photo diodes were used in 5 of
these positions. Figure 62a on page 117 shows how the positions were chosen.

The study of the homogeneity clearly showed that the produced power of the light
varied significantly in different positions in working plane of the beam. For the stability
in time, it was found that the power in fixed positions varied during the first 30 minutes
after start and after that it was stable in time.

The measured variations of power in different positions in the light beam is shown
in Table 24 on the following page and a graphic presentation of the result is shown
in Figure 62b on page 117. A comparison between the calculated values in units of
one sun shows quite large differences between the three detectors. In a separate study
where the two photo diodes were irradiated with different light intensities by using
metal plated flat response filters, it was shown that their responsivities were linear to
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the optical power of the light. Considering this, it can be concluded that the variations
in the light beam intensity from the solar simulator were not just variations in photon
flux but also a spectral variation. In this work, only a relative comparison of effects of
different cells were studied and therefore the true value of the power was not needed.
On the other hand, for comparison, it was crucial to irradiate the cells with the same
spectral distribution and optical power in all measurements.

Due to this and the fact of variations in irradiated power at different positions in
the light beam, it was decided that a fix position within the light beam, in the working
plane, should be used through out all the measurements. The center of the light beam in
the working plane was chosen to be the fixed position. The center of the light beam was
marked in the working plane of the solar simulator support and the solar simulator was
fixed to the support, this way a reliable marking of the chosen position was made. In
addition an arrangement with a mask was made to ensure that the samples were placed
correctly in every measurement.

Table 24: Measured values of power in different positions in the light beam. For the BPW21
and FDS100 photo diodes, only 5 positions were used. The table shows the measured current
produced by the detectors in mA and the corresponding optical power in the unit sun (1 sun =
1000 W/m2).

Detector 3275-01 FDS100 BPW21

Position Current
(mA)

Power
(sun)

Current
(mA)

Power
(sun)

Current
(mA)

Power
(sun)

1 1.69 0.93 0.78 0.93 4.00 0.93
2 1.72 0.95
3 1.88 1.04 0.90 1.08 4.12 1.31
4 1.78 0.94
5 1.60 0.88
6 1.82 1.00
7 1.55 0.85 0.82 0.99 3.76 1.20
8 1.86 1.03
9 1.90 1.05
10 1.94 1.07
11 2.15 1.19 1.15 1.38 5.25 1.67
12 1.89 1.04
13 1.92 1.06
14 1.90 1.05
15 2.13 1.18 1.08 1.30 4.82 1.53
16 1.78 0.98
17 2.10 1.16
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(a) (b)

Figure 62: (a) The measuring positions within the light beam of the solarsimulator. (b) The opti-
cal power distribution in the light beam cross section area in the working plane of the simulator.
The colorbar is graded in the optical power unit sun.
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C Capacitive properties of DSSC

When the IV graphs are measured for a solar cell, a voltage ramp is applied to the solar
cell via the potentiostat. The applied voltage is varied between the open circuit voltage
and zero while the current is measured, this way the current is varied between zero and
the short circuit current. The voltage variation used for this is a linear ramp where the
voltage is changed in a step like manner between the initial and final values. An exam-
ple showing how this voltage variation can be made is presented in Figure 63.

DSSCs are composed of layers of different materials with specific electronic proper-
ties. When dynamic voltage signals were imposed on such a system, some capacitive
effects were expected to be observed for the measured current. As for capacitive circuits
in general, the magnitude of these effects were expected to be dependent of the voltage
rate of the actual experiment.

The DSSCs clearly showed capacitive behaviour when I-V measurements were car-
ried out at high enough voltage rates in the potential sweep. As mentioned in the in-
troduction section, a DSSC can be modelled with a circuit containing capacitances as
shown in Figure 17 on page 40 [45], so both theoretical modelling and experimental re-
sult present the DSSCs as devices with capacitive properties.

Figure 63: The two windows where the parameter settings are made in the measurements with
the potentiostat. Here the settings for linear voltammetry is shown to the left, and the step like
potential sweep with the sampling period (red marks) for the chosen parameters, to the right.

To study the capacitive behaviour, I-V measurements were carried out using lin-
ear sweep voltammetry at different rates of applied voltage. Cells with no GNPs and
cells with 50 cm2/gT iO2 Au RSA were used. Also the different techniques, doctor blade
method and spin coating were included in this experiment to model different thickness
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of layers. The voltage rates were chosen between 1 and 100 000 mV/s for the spin coated
cells and between 50 and 5000 mV/s for the doctor bladed one. All measurements were
carried out with low pass filtering of 10 Hz to avoid disturbance from mains hum (50
Hz). All cell types and instrument settings used for the measurements are declared in
Table 25, the setting windows for the linear sweep voltammetry are shown in Figure 63
on the previous page. The TiO2 slurries were composed according to the standard com-
position as shown in Table 9 on page 65.

Table 25: Data of the I-V measurements. Step w. and step h. refers to the width and height of the voltage steps used in the potential
sweeps. Sample p. means the actual measuring time and the rightmost column, S.p./S.w shows the ratio of the measuring time to
the step width in percent.

Cell Doctor blade/ Au RSA Rate Initial Step w. Step h. Sample p. S.p./S.w.
type Spin coating (cm2/gTiO2) (mV/s) (mV) (ms) (mV) (ms) (%)

1 448 1000 0.1 0.01
10 410 100 0.1 0.1

no dye spin coating 0 100 410 10 -1 0.1 1
1000 280 1 0.1 10
10 000 420 0.1 0.01 10
100 000 420 0.01 0.01 100

1 424 1000 1 0.1
10 430 100 1 1

no dye spin coating 50 100 426 10 -1 1 10
1000 426 1 1 100
10 000 426 0.1 0.1 100
100 000 426 0.01 0.01 100

1 620 1000 0.1 0.01
10 620 100 0.1 0.1

620 spin coating 0 100 620 10 -1 0.1 1
1000 620 1 0.1 10
10 000 620 0.1 0.01 10
100 000 620 0.01 0.01 100

1 544 1000 1 0.1
10 544 100 1 1

620 spin coating 50 100 544 10 -1 1 10
1000 544 1 0.1 10
10 000 544 0.1 0.01 10
100 000 544 0.01 0.01 100

100 424 10 -1 0.1 1
300 420 5 -1 0.1 2
500 420 3 -1 0.1 3
800 422 1.25 -1 0.01 0.8

no dye doctor blade 0 1000 422 1 -1 0.01 1
1200 420 1.25 -1.5 0.01 0.8
2000 420 0.75 -1.5 0.01 1
3000 420 0.5 -1.5 0.01 2
5000 420 0.3 -1.5 0-.01 3
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The I-V graphs of the cells built with spin coated TiO2 films are presented in Figures
64 to 67 and the I-V graphs of the cell built with doctorbladed TiO2 film are presented
in Figure 68 on page 123.

Figure 64: I-V graph of cell without dye and GNPs, TiO2 slurry applied with spin
coating program 95 , different voltage rates between 1 and 100000 mV/s.

Figure 65: I-V graph of cell without dye and 50 cm2/gT iO2 Au RSA, TiO2 slurry
applied with spin coating program 95. Voltage rates between 1 and 100000 mV/s
were used.
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From the graphs in Figure 64 and 65, it is seen that the capacitive effects are sig-
nificantly affecting the result for rates above 1000 mV/s. In Figure 64 the graph for
1000 mV/s is different from the others, this might be because some error in this specific
measurement.

Figure 66: I-V graph of cell with dye 620-1H3TBA and no GNPs, TiO2 slurry applied
with spin coating program 95. Voltage rates between 1 and 100000 mV/s were used.

Figure 67: I-V graph of cell with dye 620-1H3TBA and 50 cm2/gT iO2 Au RSA, TiO2
slurry applied with spin coating program 95. Voltage rates between 1 and 100000
mV/s were used.
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In Figure 66 and 67 it is seen that the capacitive effects are signinficantly affecting
the measurements, in Figure 66 the graph representing 10 mV/s is a bit different, this
might be caused by measurement error. Comparing all four cells prepared with spin
coated electrodes it seems that the capacitive effects are strongly affecting the I-V mea-
surements at voltage rates above 1000 mV/s. The measurements above 1000 mV/s in
general have a larger ratio of sampling period to step width as can be seen in Table 25
on page 120. There are limitations how to choose these parameters and the used ones
were the best available for the actual measurements. It is hard to tell how a different
equipment offering other settings would have corrected better for the capacitive effects.

Figure 68: I-V graph of cell without dye and GNPs, TiO2 slurry applied with the doctor blade
method. Voltage rates between 50 and 5000 mV/s were used.

Figure 68 shows the I-V graphs for the cell prepared with the doctor blade method.
The voltage rates here are chosen closer above the value, for which the capacitive effects
starts to affect than for the spin coated ones, the reasons for this are limitations in the
parameter settings for the potentiostat.

The I-V graphs for the doctor bladed cell clearly shows that the capacitive effects
starts to affect the measurements at 300 mV/s. This is lower than what was found for
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the spin coated cells. Apart from the method of applying the slurries, the cells that
produced the I-V graphs in Figure 64 on page 121 to Figure 67 on page 122 were all
prepared in the same way so the explanation for different capacitive behaviour might
be found be within the TiO2 layer. From the experiments carried out to find the optimal
slurry composition it was clear that the doctor bladed slurries were thicker than the spin
coated so there might be a correlation between the capacitive effect and the thickness of
the TiO2 layer.
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D Nitric acid effects on GNPs

During preparations of TiO2 slurries containing 5 nm GNPs it was observed that the
optical properties of the GNPs were affected when nitric acid was added to the solu-
tions containing the GNPs. The reaction was observed by visual inspection shortly after
the nitric acid was added. The solution of triton, carbowax, deionized water and gold
colloids changed color from a bright pink shade to a more dark shade and then finally
to a more clear and colorless solution. The more gold the solution contained the more
pronounced the effect was. For the sample with 125 cm2/gT iO2 Au RSA, the solution
became more or less colorless. In some of the samples, dark particles, large enough to
be seen with the bare eye, was observed after about 1 hour. The different change of color
for samples containing different amounts of GNPs is shown in Figure 69 which shows
a photograph of a series of different samples 2 hours after adding the nitric acid to the
solutions.

Figure 69: Photograph showing solutions of nitric acid, triton X-100, carbowax, deionized wa-
ter and different amount of gold colloids containing 5 nm GNPs

.

To study the effects of nitric acid in the slurry on the absorption spectra of the gold
colloids and on the performance of the solar cells, two series of experiments were carried
out.

1. Comparing absorption spectra of gold colloids with different amounts of HNO3
added. A series of 6 samples of gold colloid and nitric acid were prepared in
compositions as presented in Table 26 on the next page. The absorption spectra
of the samples were measured in the wavelength interval 300 - 900 nm (4.13 - 1.38
eV).
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2. Comparing performance of cells containing different amounts of HNO3. A series
of 6 solar cells containing GNPs of 5 nm respectively 10 nm with 25 cm2/gT iO2 Au
RSA and different amounts of HNO3 were prepared and characterized with I-V
measurements.

D.1 Absorption measurements

The absorption measurements were carried out with the same experimental setting as
for the other absorption measurements in this work, these are presented in Table 16
on page 79. A series of 6 samples were mixed and subsequently measured twice with
the spectrometer. The measurements were also carried out at fixed points in time, first
measurements 10 min after mixing and the second ones after 60 min. To be able to do
this in a controlled and comparable way, a time schedule containing all operations was
followed, the schedule is shown in Table 27

Table 26: The compositions of the samples containing gold colloids and nitric acid prepared
for absorption measurements.

Sample A1 A2 B1 B2 C1 C2

Gold nanoparticle size (nm) 5 5 10 10 40 40
HNO3 concentration (M) 0.11 0.01 0.11 0.01 0.11 0.01

Table 27: The compositions of the samples containing gold colloids and nitric acid prepared
for absorption measurements. The notation A1-xx in the table means sample A1 measured xx
minutes after mixing the gold colloid and the nitric acid.

Time (min) Mixing operation Measuring operation

0 mixing A1
5 mixing A2
10 measure A1-10
15 measure A2-10
20 mixing B1
25 mixing B2
30 measure B1-10
35 measure B2-10
40 mixing C1
45 mixing C2
50 measure C1-10
55 measure C2-10
60 measure A1-60
65 measure A2-60
70
75
80 measure B1-60
85 measure B2-60
90
95
100 measure C1-60
105 measure C2-60

The results from the absorption measurements are presented with graphs in Figure 70
on page 128 to Figure 75 on page 130. There is one figure for each combination of GNP
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size and HNO3 concentration. In each figure there are three graphs, one for the pure
gold colloid, one for this colloid mixed with HNO3 10 min after mixing and one for this
colloid measured after 60 min.
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Figure 70: Absorptionspectra of gold colloid, GNP size 5 nm, HNO3 concentration
0.11 M, sample A1.

Figure 70 shows a slight red shift for the absorption peaks for sample A1. After 1 h,
the absorbance is increased by ∼13 %.

Figure 71: Absorptionspectra of gold colloid, GNP size 5 nm, HNO3 concentration
0.01 M, sample A2.

Figure 71 shows that the red shift for sample A2 is less than for sample A1. The
absorbance is increased ∼22 % after 1 h.
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Figure 72: Absorptionspectra of gold colloid, GNP size 10 nm, HNO3 concentration
0.11 M, sample B1.

From Figure 72 it is shown that the red shift of sample B1 is 88 nm after 10 min and
after 1 h it is 44 nm. The absorbance is increased ∼7% after 1 h .

Figure 73: Absorptionspectra of gold colloid, GNP size 10 nm, HNO3 concentration
0.01 M, sample B2.

Figure 73 shows a redshift of 20 nm after 10 min and 43 nm after 1 h for sample B2.
The absorbance is increased by about 14 % after 10 min and about 40 % after 1 hour.
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Figure 74: Absorptionspectra of gold colloid, GNP size 40 nm, HNO3 concentration
0.11 M, sample C1.

Figure 74 shows a red shift of 15 nm after 10 min and 25 nm after 1 h for sample C1.
The absorbance is lowered by about 49 % after 10 min and by 42 % after 1 h.

Figure 75: Absorptionspectra of gold colloid of paricle size 40 nm, HNO3 concen-
tration 0.01 M, C2.

Figure 75 shows a redshift of 5 nm after 10 min and 33 nm after 1 h for sample C2.
The absorbance is lowered by about 13 % after 10 min and by 38 % after 1 h.
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Looking at Figure 38 on page 81 for comparison of the absorptionspectra of the pure
gold colloid, it is seen that the GNP size affects the absorbance significantly but that the
peak absorbance frequencies are not altered that much by these size variations. This
suggests that absorbance is more size dependent than resonant frequency for the col-
loids containing GNPs. Here the GNPs are assumed to have their spherical shape as
they were delivered from the manufacturer.

During the experiment, interesting visual observations were also made. It was ob-
served that the change in color started directly after mixing the gold colloids and the
acids, and then developed gradually. After about 1 hour no further change in color was
visually observed. After some two hours small black particles were observed at the bot-
tom of the samples containing nitric acid, see Figure 76

Figure 76: Photograph showing sample C1 (40 nm GNP in HNO3 0.11 M) 2 hours after mixing.
Black particles were observed at the bottom of the vial, at this stage the solution was clear and
colorless.

Comparing the results shown in Figure 70 on page 128 to Figure 75 on the preceding
page it seems like the optical properties of the smallest GNPs (5 nm) is less affected by
the acidic environment than those of the 10 nm and the 40 nm GNPs. The 10 nm GNPs
in HNO3 0.01 M exhibits significantly increased absorbance (∼40%) 1 h after the acid
was added, this might suggest that the particles have conglomerated into larger parti-
cles.
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For the 40 nm GNPs the absorbance decreased significantly after the addition of
acid. This might indicate that some of the 40 nm GNPs might have conglomerated into
particles large enough to form sediment and end up at the bottom of the vial. The ex-
planation of less absorbance would in this case be due to less particles participating in
the spectroscopic measurement.

As it was mentioned in Section 6, describing the LPSRs, the shape of the nanoparti-
cles have a significant effect on the optical properties on metal nanoparticles. The sur-
face plasmon absorption maximum (λmax) depends on the aspect ratio 1 r of the particle
as [48]:

λmax = 420 + r · 95 [nm] (31)

Again, looking at the presented graphs, this suggests that the GNPs have changed their
shape and that this change is most pronounced for the 10 nm GNPs. If equation (31) is
used, the 5 nm GNPs would have an aspect ratio of 1.4, the 10 nm GNPs 1.5 and the 40
nm GNPs 1.4 if the values from samples containing HNO3 0.11 M, measured 1 h after
mixing is considered.

It should also be noted that the 10 nm GNPs had a very large red shift for the HNO3
0.11 M sample 10 min after mixing, the aspect ratio for this specific sample was 1.98
after 1 hour the aspects ratio had decreased to 1.5. By visual inspection small particles
was observed at the bottom of some of the samples, this suggest that some of the par-
ticles might not have participated in the absorption measurements performed after the
mixing.
To Summarize: the added nitric acid affect the optical properties of the GNP colloids,
both size and shape may have been altered after the acid was mixed into the colloid.
Both acid concentration and elapsed time since the mixing are affecting the optical prop-
erties.

1 aspect ratio = length of particle divided by width of particle
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D.2 Comparing cell performance

The I-V characterization were carried out with the same equipment and same proce-
dures as for the other cells in the work, for these cells however, only unfiltered light
(T100) was used in the measurements. This was a comparative experiment, carried out
to see the effects of varying the amount of nitric acid in the TiO2 slurry on the cell per-
formance, therefore the measured current of cells with the same GNP size but different
amounts of nitric acid are shown in the same figure. Six different cells were made with
different combinations of GNP size and amount of nitric acid as declared in Table 28.
In this table, 100 % of nitric acid refers to the amount used in the standard composition
of TiO2 slurry as declared in Table 9 on page 65. The resulting I-V graphs are shown in
Figures 77 and 78 on the next page.

Table 28: The combinations of nitric acid and GNP size for the solar cells used in the study of
the effects of nitric acid on the cell performance. The amount of HNO3 is given as percent of
the amount in the standard composition, see Table 9 on page 65. The cells are numbered ac1 -
ac6 for reference.

Cell nr. ac1 ac2 ac3 ac4 ac5 ac6
GNP size (nm) 5 5 5 10 10 10
Amount of HNO3 1M (%) 0 30 100 0 30 100

Figure 77: IV-graphs for cells ac1, ac2 and ac3, containing 5 nm GNPs and different
amounts of HNO3 in the TiO2 slurry.
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Figure 78: IV-graphs for cells ac4, ac5 and ac6, containing 10 nm GNPs and different
amounts of HNO3 in the TiO2 slurry.

From figures 77 and 78 it is clear that the highest photocurrent is achieved for cells
containing 100% of the amount from the standard composition. The open circuit voltage
is not significantly affected by the variation in amount of HNO3 but the short circuit
current was decreased with 20 resp. 25% for cells with 5nm particles and with 24 resp
60% for the cells with 10 nm particles when the amount of nitric acid was lowered from
100 to 30 and 0% respectively.

To summarize the observations from this study of effects of nitric acid on GNP op-
tical properties. By visual inspection, the TiO2 solutions of GNPs, triton, carbowax,
deionized water and nitric acid of different concentrations were observed to change in
color compared to solutions without nitric acid. By photo spectroscopy, it was clearly
shown that the optical properties of the gold colloids were affected by adding nitric acid
to the solutions. As that the optical properties were changed, it is reasonable to conclude
that the size and shape of the GNPs in the final solutions may have been changed.

The full scale experiment of building cells and subsequently characterize them, showed
that reducing the amount of nitric acid in the TiO2 slurry lowered the photocurrent and
thereby also the efficiency of the cells. Even though the GNPs may be affected by the
nitric acid, the best cell performance was achieved by keeping the standard composition
of the slurry as shown in Table 9 on page 65.
This separate study points out the fact that it might be ambiguous what size and shape
the GNPs actually have in the assembled cells. This should be kept in mind in discus-
sions and conclusions based on results from experiments where GNP size and shape are
referred to as parameters.

134



REFERENCES REFERENCES

References
[1] US Department of commerce. U.s. and world population clock, 2015. Accessed at http://www.census.gov/popclock//l on

Feb 26, 2015 (2015).

[2] Index Mundi. Country comparison, population growth rate, 2014. Accessed athttp://www.indexmundi.com/g/r.aspx?v=24l
on Feb 26, 2015 (2014).

[3] U.S. Energy Information Administration (EIA). International energy outlook 2013 (ieo2013), June 2013. Accessed at
http://www.eia.gov/forecasts/ieo/pdf/0484on Oct 6, 2014 (2013).
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