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1. Introduction 

1.1 Motivation 
Our demand for energy has never been higher; it fuels not only our cars and 
airplanes but also our everyday life. While it is often said that the prosperity 
of a country could be gauged from how much energy an average person uses 
every year it also tells us something about the future. During 2005, an aver-
age Swedish person consumed roughly 5.8 tonnes of oil equivalent (toe) of 
energy per year, while the world average was merely 1.8 toe.1 As the devel-
oping world is striving for the same standard of living as the developed 
world an increase in our future demand for energy can be expected. The 
sources from which our electrical energy stems are broadly divided into two 
categories, renewable and non-renewable. The non-renewable category con-
tains fossil fuels such as coal, oil and natural gas but also fissile radioactive 
materials such as uranium or thorium. In 2009 non-renewable fuel sources 
accounted for as much as 80.5 % of our total electrical energy demand, see 
Figure 1. The global electricity consumption exceeded 1.9.104 TWh.1  
 
A combination of increasing energy demands and global warming as a con-
sequence of the combustion of fossil fuels has increased the driving force for 
researching and installing power production from renewable sources.2 Hy-
dropower has long been the only major renewable electrical energy source 
but other contenders are entering the race. Among these are the rapidly 
growing field of wind power (198 GW), photovoltaic (40 GW), geothermal 
power (11 GW) and ocean power (0.5 GW) with the 2009 estimation of 
global installed capacity shown in the round brackets.3   
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Figure 1: Total world electricity generation by fuel in 2009. The total amount of 
electricity generation was 2.0.104 TWh. The category ‘other’ includes electricity 
generation by geothermal, solar, wind and heat power together with combustible 
renewables and waste.1 

1.2 Energy from the sun 
To visualize the enormous potential of harvesting solar energy it is instruc-
tive to compare the sun’s electromagnetic energy reaching the surface of 
Earth to our electrical energy needs. Roughly 3-6 kWh of solar energy 
reaches the sea level per day and square meter, and if were to fill only (350 
km)2 with solar cells with efficiencies of 10 %, we could generate 2.104 TWh 
of electricity yearly. 4  
 
 
 

 

 

 

 

Figure 2: The standard solar spectral irradiance distribution (left y-axis) and the 
corresponding solar photon flux distribution (right y-axis).5 

But for photovoltaic (PV) applications, it is not only the total energy of the 
sun’s radiation that is important but also the spectral composition of the 
light. The PV important part of the solar spectrum can be divided up into the 
ultra-violet, visible and near infra-red regions where the UV-visible (280-
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750 nm) and the near infra-red (750-1200 nm) regions combined contain 
roughly 84 % of the energy and 67 % of the photons
a. Figure 2 shows the standardized terrestrial solar spectral irradiance distri-
bution at an absolute airmass (AM) of 1.5, defined as 1000 W m-2 together 
with the corresponding solar photon flux distribution.5  

1.3 Overview of the photovoltaic concepts 
1.3.1 History of inorganic solar cells 
The photovoltaic effect was discovered by Edmond Becquerel, a French 
physicist, in 1839 but it would take more than a hundred years before solar 
cells were actually used outside the laboratory for the generation of electrici-
ty.6 It was the knowledge gained from the transistor research field, a field 
dominated by silicon, which sparked renewed interest in photovoltaic appli-
cations. Semiconductor technology developed after the Second World War 
by AT&T Bell laboratories were successfully transformed into working solar 
panels which could supply a useful amount of electrical energy.7 Due to the 
initial low performance and prohibitive costs, the research field lay dormant 
for decades, only being kept on life-support by the space industry. A short 
revival during the oil crisis of the 70’s renewed the commercial and public 
interest in photovoltaics, but the price was still not sufficiently low for the 
industry to gain pace. Since then, the solar cell industry has relied on com-
puter chip manufacturers for a cheap supply of the high purity grade silicon 
needed to make highly efficient solar cells. Currently, inorganic solar cell 
efficiencies range from 30 % for multi-junction gallium arsenic solar cells to 
20-25 % for crystalline silicon and thin film CIGS (CuInGaSe2) to 17 % for 
cadmium telluride.8 All these inorganic solar cells have one thing in com-
mon: they are sensitive to material impurities, a draw-back which adds sig-
nificant costs to acquiring materials and producing these types of solar cells.9  

1.3.2 Organic photovoltaics 
A rather new research field has during the last couple of years rapidly gained 
momentum: photovoltaics based on organic semiconductors and hybrid sys-
tems. The main goal of these technologies are not to produce higher efficien-
cy than solar cells based on inorganic semiconductors, but rather to produce 
the electricity cheaper by keeping production costs low. Solar cells based 
purely on organic semiconductors offers the exciting possibility of fast roll-
to-roll manufacturing on flexible substrates, opening up the possibility of not 
only covering flat surfaces with solar cells, but also structured objects. Or-

                               
a Calculated from the total power between 280-4000 nm. 
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ganic semiconductors for solar cell applications have broadly taken two di-
rections; solution-processed light-absorbing semiconducting polymers or 
evaporated small molecular pigments and semiconductors.10 

 
Figure 3: A schematic diagram of a planar heterojunction solar cell based on a light 
absorbing donor material (ZnPC) and an electron accepting material (C60), sand-
wiched between two metal contacts. If the donor-acceptor interface is mixed it is 
called a bulk heterojunction solar cell. 

Although the operating principles of organic solar cells are somewhat similar 
to inorganic ones, they are not as well understood. The main difference in 
operation between inorganic and organic solar cells is the dissociation of the 
photo-excited state, the exciton. The exciton is the bound electron-hole pair, 
which in inorganic semiconductor has low binding energies while the bind-
ing energy for organic material can be substantial.11 Figure 3 shows the op-
erating principle of an organic photovoltaic (OPV). It consists of a light ab-
sorbing electron donating (D) material in which the exciton is formed by 
photon absorption. To form a charge separated state, the exciton has to move 
to a dissociation site, often formed on the D-A (acceptor) interface. If the 
driving force is sufficiently large to overcome the binding energy of the elec-
tron-hole pair it can dissociate into free charge carriers. If this criterion is not 
met the exciton recombines and the energy of the absorbed photon is dissi-
pated.10 
 
One of the key challenges to optimize an OPV device is the balance between 
absorbing enough photons in a sufficiently thick absorbing layer while re-
ducing the distance excitons and free charge carriers have to travel before 
being dissociated or collected. One of the more efficient approaches to max-
imize this property is to create a mixture of the D-A material, so to increase 
the light absorbing material volume while keeping the distance between the 
formed exciton and the D-A interface short.12 The OPV used in this thesis 
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was ZnPC (a donor material) co-evaporated with the fullerene C60 (an elec-
tron accepting material) to form a bulk heterojunction (BHJ) solar cell, the 
device geometry can be seen in Figure 3.  

1.3.3 Photoelectrochemical cells  
An electrochemical solar cell based on a meso‐porous wide band gap metal 
oxide sensitized with a dye exhibiting an efficiency of 7 % was demonstrat-
ed by Brian O’Regan and Michael Grätzel in 1991.13 Since then the efficien-
cy has increased to above 12 % and a significant research effort is under way 
to improve this type of solar cell further.14-23 The electrochemical solar cell 
or the dye-sensitized solar cell (DSC) is built using cheap and abundant ma-
terials such as titanium dioxide (TiO2), a wide band gap n-type semiconduc-
tor which is not only non-toxic but also chemically stable. The light absorb-
ing material in the DSC is a sensitizer dye which is often anchored on the 
TiO2 material through carboxylic groups. A liquid electrolyte based on the 
iodide/triiodide (I- /I3

-) redox couple is used to shuttle electrons from the 
counter electrode to the photo-oxidized sensitizer dye. All components are 
schematically shown in Figure 4, and the preparation method of DSC mate-
rial and the assembly of the solar cells can be found in chapter 4. The DSC 
can be described as a device controlled by several competing electron trans-
fer (ET) processes, each with their own rate constant.24 According to Marcus 
theory the rate of electron transfer reactions depend on the electronic cou-
pling and the free energy difference between the transfer states.25 

 
 
 
 
 

 

 

 

 

Figure 4: A schematic drawing of the dye-sensitized solar cell. 

One of the main merits of the DSC over other organic photovoltaic technol-
ogies is that the photo-excited state is formed at the interface where the 
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charge separation takes place, eliminating the need for an exciton diffusion 
step. But since this charge separation interface is only a single molecule 
layer thick there has to be a very large surface area to ensure that most pho-
tons are being harvested by the sensitizer dye.  
 
It was this limitation which was overcome, by O’Regan and Grätzel in 1991, 
by introducing a meso-porous network of TiO2 particles, effectively increas-
ing the surface area by several orders of magnitude.13 The redox electrolyte 
system for highly efficient solar cells is regularly based on the volatile sol-
vent acetonitrile (MeCN). As MeCN has a low boiling point of 81.2 °C, 
solvent evaporation is one of the major reasons for solar cell efficiency deg-
radation after extended periods of operation.26 Additionally, the highest pho-
to-potentials achievable with the I-/I3

- redox couple is limited by large losses 
in over-potential in the dye regenerations step. These problems have stimu-
lated an exploration of solid organic semiconductors to substitute the liquid 
electrolyte in DSC. In 1998 there was a breakthrough by Bach et al. using a 
new p-type organic semiconductor 2,2’,7,7’,-tetrakis(N,N-di-p-
methoxyphenyl-amine)-9,9’,-spirofluorene (spiro-OMeTAD), see Figure 5.27    

 
Figure 5: The small p-type organic semiconductor 2,2’,7,7’,-tetrakis(N,N-di-p-
methoxyphenyl-amine)-9,9’,-spirofluorene. 

Naturally this type of solar cell device came to be called solid-state dye-
sensitized solar cell and the efficiency has since increased from the initial 
0.74% to more than 7%.28-29 The lower efficiency obtained for the solid-state 
DSC device compared to their liquid electrolyte counterpart is believed to 
originate from the higher electron recombination as well as an insufficient 
penetration of the solid hole transporting material (HTM) into the meso-
porous network of TiO2.

28 This has effectively limited the TiO2 electrode 
thickness which can be used for preparing these devices, and thus the light 
harvesting capabilities of these solar cells.  
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1.5 Aim of the thesis 
The aim of this doctorial thesis is to characterize and to increase the under-
standing of solid-state dye-sensitized solar cells by identifying problems and 
limitations to the current state-of-the-art DSC device. Equally important is to 
investigate new strategies and methods to circumvent these device limita-
tions and through that improve the performance of solid-state DSC devices. 
The following chapters are written as an introduction of previous work done 
within the field of dye-sensitized solar cells. Since the field in its entity is too 
large to cover in a single doctorial thesis the selection of references should 
be seen in the context of the scientific work presented below.  
 
The following chapters of this thesis will be outlined below: Chapter 2 de-
scribes the materials used in both the liquid electrolyte and solid-state DSC. 
Chapter 3 contains a thorough discussion about the general operating princi-
pals behind the DSC as well as an examination of known problems associat-
ed with DSC. Chapter 4 describes common methods for the characterization 
of complete solar cells and of the materials used for making both the liquid 
and solid-state DSC. In total six papers are included into this thesis. Each 
paper is summarized in chapter 5 where the most important findings are pre-
sented to the reader. Chapter 6 contains the concluding remarks of this thesis 
work, where it started, where it went and in my opinion where it should go in 
the future. The last parts of this doctorial thesis contain, as customary, a 
Swedish summary, acknowledgement and references.  
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2. Materials for the dye-sensitized solar cells 

This chapter discusses the similarities and differences between dye-
sensitized solar cells using liquid electrolyte and solid-state hole transporting 
materials. Both solar cell types are made up of four main components: A 
working electrode made from a semiconducting metal oxide, a light absorb-
ing material, a hole transporting medium and a counter electrode. Each of 
these components is critical for the solar cell device performance and will be 
described in the following subsections. 

2.1 The working electrode 
The working electrode material of dye-sensitized solar cells are deposited on 
transparent conductive oxide (TCO) coated glass substrates. Fluorine doped 
tin dioxide (FTO) is a commercially available TCO substrate which has a 
high thermal stability, a low sheet resistance (8 Ohm/sq.) and a low haze, 
properties which makes it the substrate of choice in DSC manufacturing. The 
electrode material itself is usually an intrinsic n-type semiconductor such as 
TiO2, tin dioxide (SnO2), tungsten trioxide (WO3) or zinc oxide (ZnO).30 
These metal oxides are normally made from a sol-gel process route yielding 
size tuneable nano-particles. TiO2 with anatase crystal structure, the most 
commonly used metal oxide for DSC, has an indirect band gap transition at 
3.2 eV with a conduction band potential of colloidal particles at Ecb (TiO2) = 
-0.12 – 0.059(pH) V vs. NHE.31-32 In Figure 6b it is possible to see individual 
TiO2 nano-particles as prepared by a sol-gel method and imaged with scan-
ning electron microscopy, the particle size is around 15-20 nm in diameter. 
The anatase structure is not the only possible phase structure present in sol-
gel prepared colloidal films, there may also be the thermodynamically stable 
rutile phase and some small amounts of brookite.33      
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Figure 6: A transmission electron microscopy image of SnO2 particles prepared by a 
sol-gel method (a, left). A scanning electron microscopy image of a sintered TiO2 
film prepared from a colloidal paste of TiO2 nano-particles (b, right). 

 
To form a high surface area scaffold of meso-porous TiO2, necessary for 
building efficient DSCs, the nano-particles are dispersed in a viscous paste 
which then can be doctor-bladedb or screen-printed to form films of thick-
nesses up to 20-30 micrometer (µm). TiO2 films formed in this manner need 
to be heated up, sintered, to temperatures between 400 and 500 °C. This 
sintering step ensure that all additives of the paste (solvent, binders and pore-
forming agents) decompose and evaporate and that the individual TiO2 parti-
cles fuse together, forming an electronically active meso-porous network.34 
 
One of the most important parameters of the meso‐porous network is 
the surface area. This can be measured using the BET gas adsorption tech-
niquec and from that deriving a roughness factor.35 For meso-porous films 
with TiO2 particles made from a sol‐gel route the roughness factor routinely 
reaches values of 1000, meaning that the real area or inner surface area of a 
sintered TiO2 film is 1000 times larger than the geometric area.14 

2.1.1 TiO2 blocking layers made by spray pyrolysis 
One inherent property of a meso-porous network is that it does not complete-
ly coat the entire FTO substrate and thus leaves exposed FTO surfaces in 
contact with the electrolyte. For liquid electrolyte DSC based on the I3

-/I- 
redox couple the exchange current at this interface is negligible at short cir-
cuit conditions but significant at applied potentials.37 This increase in dark 
current when applying a potential is even more pronounced for solar cell 

                               
b Doctorblading is a technique for spreading a solution across a surface using a spacer to 
control the final thickness of the film. 
c BET = Brunauer, Emmett and Teller, after the inventors describing the technique.36 

a b 
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devices which use a solid-state hole transporting materials and an unprotect-
ed FTO/HTM interface. The material of choice for building solid-state DSC 
has long been spiro-OMeTAD. Spiro-OMeTAD acts like a current conductor 
in the solar cell and if there is a direct contact between the metal like FTO 
substrate and spiro-OMeTAD, large dark currents densities will run through 
this junction at applied potentials and lower the conversion efficiency of the 
solar cell.37 Forming dense, pin-hole free, TiO2 blocking layer is therefore 
very important for the efficiency of the solid-state DSC.27,38-39 The most 
common method of creating these TiO2 blocking layers is through spray 
pyrolysis.27          
 
The spray pyrolysis method relies on spraying a solution containing the pre-
cursor of interest onto a hot surface. The droplets from the aerosol either 
reach the hot surface or turn to gaseous precursors which then react with the 
substrate due to elevated temperatures.40 TiO2 blocking layers for solid-state 
DSC are often made by spraying a solution of titanium(IV)acetylacetonate 
onto the hot (450 °C) FTO substrate surface.38 The meso-porous TiO2 film is 
then deposited on top of the dense blocking layer, so as to create a rectifying 
junction between the spiro-OMeTAD and the FTO substrate. 
 

Figure 7: Solid-state DSC devices based on D102 and spiro-OMeTAD with no 
blocking layer (triangles), with a blocking layer made by a TiCl4 treatment (circle) 
and blocking layers with 4 cycles of spray pyrolysis (square). Devices were meas-
ured at 1000 W m-2 in the left figure and in darkness in the right figure. 
 
In Figure 7 it is possible to see the effect on the conversion efficiency of 
solid-state DSC devices where the blocking layers have been prepared in 
different ways. The dark grey curve with triangles in Figure 7 represents the 
J-V curve, in the light and the dark, for a solid-state DSC with no blocking 
layers. The light grey circles and black squares in the J-V curve represent 
blocking layers which were either prepared by TiCl4 treatment of the FTO 
substrate or by 4 cycles of spray pyrolysis, respectively. Solar cell devices 
made with blocking layers which were poorly rectifying yielded low per-
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forming solid-state DSC devices partly because they have larger dark current 
densities running through the FTO/HTM junction at applied potentials. 

2.2 The light absorbing material 
The most important part of the DSC is the light absorbing component. There 
are broadly three different categories of light absorbers for DSC: Metal-
organic complexes, all organic dyes and quantum dots.28,41-42 Figure 8 shows 
the dye structures of the record holders in two first classes based on the 
highest reported efficiency in solid-state DSC. The record holder using quan-
tum dots in solid-state DSC are made with PbS.42  

 
Figure 8: On the right panel the organic molecular structure of the sensitizing dye, 
C220,28 for solid-state DSC is shown and on the left panel the record holder for 
ruthenium complexes for solid-state DSC, K68.41  

Organic dyes have reached higher efficiencies, in solid-state DSC, than met-
al-organic complexes based on Ruthenium (Ru). The main reason for this is 
that organic dye molecules regularly have higher extinction coefficients 
(ɛ(λ)) compared to metal-organic complexes. Z907, the most commonly 
employed Ru-complex, has a maximum extinction coefficient of  
12.2.103 M-1cm-1 while for example the organic dye, D102, has a 4-fold 
higher extinction coefficient of 55.8.103 M-1cm-1.43- 44 
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Figure 9: The molecular structures of sensitizing dyes used during this thesis and the 
first paper they are used in: D35 (Paper I), M14 (Paper II), ID176 (Paper III), 
MP03-MP13 (Paper IV), D102 (Paper VI).  

The molecular structure of D102 can be seen in Figure 9 together with the 
molecular structure of all other sensitizers used in this thesis. Figure 9 also 
contains the reference to the paper in which the molecule is used. 
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Beyond the need for the dye to absorb photons they also have to transfer the 
photo-excited electrons from the dye molecule to the TiO2. The proximity 
between the dye and the TiO2 surface is controlled though the carboxcylic 
anchoring group on the dye molecule. In the simplest form, the anchoring 
group forms chelating bond between the hydroxyl group of the TiO2 surface 
with the carboxylic group of the dye.45-46 But proximity alone does not suf-
fice for photo-excited electron injection to occur. The energy level of the 
excited state has also to be sufficiently high to allow for electron injection. 
Organic molecules have energy levels, in analogy with the valance and con-
duction band of inorganic semiconductors, which are called the highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO), respectively. These values are approximately related to the elec-
trochemical oxidation and reduction potentials which are given in Table 1 as 
oxidation potentials ( /° ) and reduction potentials ( /° ), determined 
by electrochemistry for a dye in solution. It is advisable to avoid making 
direct comparisons of data in Table 1 since electrochemical data might be 
sensitive to small differences in experimental conditions.   
 

Table 1. Absorption and electrochemical characterization of dyes 

Dye Name ε(λ) 
/ M-1 cm-1 (103) Absmax   

/ nm E°‘
(D+/D)      

/ V vs. NHE E°‘
(D/D-)

a       
/ V vs. NHE Ref 

D35 31 471 1.04 -1.1 Paper I 

M14 50 504 1.07 -1.1 Paper II 

ID176 25 575 1.21 (film) -0.6 (film) Paper III 

D102 56 488 1.1b Not reported Ref: 47 

MP03 40 480 0.88 -1.3 Paper IV 

MP05 35 453 0.90 -1.3 Paper IV 

MP08 37 493 1.0 -1.3 Paper IV 

MP13 34 470 0.87 -1.3 Paper IV 
a : Estimated from the 0-0 energy transition, the intercept of the normalized absorption and 
emission spectra in EtOH. 
b : Measured against a Hg/Hg2, KCl(sat) reference electrode, shifted to the NHE scale by 0.24 
V.48  
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Figure 10: Normalized absorption spectra of the 8 dyes used for this thesis. Meas-
ured in EtOH solution and labelled from left to right: D35 (Blue), D102 (Red), M14 
(Dark green), ID176 (Black), MP05 (Cyan), MP13 (Grey), MP03 (Green), MP08 
(Magenta). 

To evaluate how many photons are converted into electrons in DSC it is 
interesting to determine the light harvesting efficiency (LHE) of a device, 
which can be derived from the absorbance, Abs, of the dyed TiO2 film. 
 λ 1 10     Eq. 1 
 
The LHE(λ) of a film is determined by the amount of dye attached to the 
oxide surface which depends on the thickness and porosity of the meso-
porous TiO2 film. The LHE(λ) is also determined by the extinction coeffi-
cient of the dye and the width of the absorption peak. Ruthenium dyes, for 
example, often have a wider absorption peak, but a lower overall extinction 
coefficient, than organic dyes. 

2.3 Electrolyte/Hole transporting material 
The function of the redox electrolyte, or the hole transporting material, in the 
DSC is to shuttle electrons from the counter electrode to the photo-oxidized 
dye molecule. A liquid electrolyte of I- /I3

-, or cobalt-complexes, are to date 
the most efficient electrolyte systems in DSC.13,22,49-50 Redox electrolytes are 
ionic conductors in which charges are transported via diffusion (concentra-
tion controlled) or by migration (electric field controlled). In the DSC the 
ionic conduction mainly takes place by diffusion, a process which occurs 
because the reduction-oxidation cycles at each electrode deplete and replen-
ish the redox active species at each interface. Other types of liquid electro-
lytes have successfully been tried in the DSC configuration such as ferro-
cence and disulfide/thiolate.51-52 
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Holes are not a physical entity but rather a description of an electron vacancy 
in a system.  A hole transporting material transfer charges by electronic con-
duction rather than through ionic mass transfer. Spiro-OMeTAD has so far 
proven to be the best hole transporting material used in the solid-state DSC 
configuration but there are other types of materials too.27,53-54 Inorganic ma-
terials such as CuSCN and CuI have both proven to work efficiently as well 
as organic oligomers/polymers based on the thiophene and vinylene cores.55-

61 Small organic molecules have been investigated to a smaller extent includ-
ing molecules with triphenylamine (TPA) moieties for which the molecular 
structures are seen in Figure 11.21,62 
  

 
Figure 11: Molecular structures of hole transporting materials for solid-state DSC: 
HTM 4 (left) and HC3 (right).63  

Spiro-OMeTAD belongs to a class of materials called amorphous molecular 
glasses, which in their solid-state glass phase, are characterized by a disorder 
in molecular distance and orientation as well as being in a thermodynamical-
ly non-equilibrium.64-65 The stability of the molecular glass state is deter-
mined by the molecular structure and it is often referred to as the glass-
transition temperature (Tg), the temperature where the amorphous glass state 
changes from being a solid brittle material to having a malleable elastic tex-
ture. The Tg was improved to 120 °C in the spiro-OMeTAD molecule from 
the parent fluorene moiety by the inclusion of the spiro-centre.27,66-67 Another 
important feature of spiro-OMeTAD is its better solubility, since it is applied 
on the solar cells from a solution in organic solvents. Spiro-OMeTAD is 
soluble to roughly 200 mg/mL in chloro-benzene as well as in other chlorin-
ated solvents, tetrahydrofuran and acetone. The solubility of spiro-OMeTAD 
together with the wetting properties of these solvents on TiO2 have shown, 
so far, that chloro-benzene yields the most efficient solar cells.  
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2.4 Solar cell additives 
Additives are usually molecules or materials which have been found to in-
crease the DSC device performance when added to any step of the solar cell 
manufacturing process. Efficient additives are often found through screening 
of molecules and/or by extensive optimization of DSC devices. One of the 
most important additives or surface modification is the TiCl4-treatment of 
the TiO2 meso-porous working electrode, a treatment which improves device 
performance in liquid electrolyte solar cells and is crucial for efficient solid-
state DSC devices.39 The effect of TiCl4-treatment depends on the quality of 
the particles used for making the meso-porous TiO2 electrode but has in most 
cases been found to increase the short‐circuit photo‐current by reducing the 
interfacial electron‐hole recombination.68-69 Another important additive 
which is used both in liquid electrolyte and solid‐state DSC is 4‐tert‐ 
butylpyridine (tBP), see Figure 12. 
 
 
 
 
 
 
Figure 12: Molecular structure of solar cell additives 4-tert-butylpyridine (tBP) to 
the left and the Li-salt, lithium bistrifluoromethylsulfonyl imide (Li-TFSI), to the 
right. 

tBP is a volatile molecule which is usually added to the liquid electrolyte in 
a concentration of around 0.5 M. The tBP molecule can coordinate to the 
TiO2 surface by physiosorption through the electron donating nitrogen.70 In 
the DSC it is believed that this coordination will shift the TiO2 conduction 
band potential ( ) negatively by displacing ions, such as Li ions and pro-
tons, on the TiO2 surface as well as reducing electron-hole recombination by 
restricting electrolyte access to the TiO2 surface.71 In the solid-state DSC the 
effect of the addition of tBP to the spiro-OMeTAD has been less studied. It 
does play a role in increasing the TiO2  as well as reducing the doping 
density in DSC device made with spiro-OMeTAD.72 In Paper V it was also 
shown that the tBP influences the solubility of the lithium bistrifluorome-
thylsulfonyl imide (Li-TFSI) salt in the solid spiro-OMeTAD matrix. 
 
The Li-TFSI salt is known to shift the TiO2  positively when used as an 
additive in the liquid electrolyte DSC.73 The same effect occurs for the solid-
state DSC but for this type of solar cell the Li-TFSI salt is an absolute neces-
sity for obtaining a working solar cell.17 The reason for this is still unknown 
but it has been suggested that Li ions screen columbic fields which develop 
between the charge separated state of the TiO2 and the dye.74-76 It has also 
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been suggested that the Li ions increase the charge mobility in the organic 
hole transporting medium by opening up a new pathway which channels 
holes through the organic semiconductor.77 The Li-salt has been believed to 
be a redox inactive molecule towards spiro-OMeTAD but Figure 13 shows 
how a solution of spiro-OMeTAD, dissolved in Cl-benzene with and without 
Li-TFS,I oxidizes with time when stored under light. The increase in absorp-
tion at 520 nm corresponds to the 1st oxidation peak of spiro-OMeTAD, see 
Figure 18 for the complete absorption spectra of both ground state and oxi-
dized spiro-OMeTAD. The oxidation process is slow in the presence of Li-
TFSI but absent when there are no Li-TFSI molecules in the solution. 

 
Figure 13: UV-VIS of the oxidized spiro-OMeTAD in a solution of Cl-benzene with 
and without Li-TFSI. The absorption seen at 520 nm corresponds to the 1st oxidation 
peak of spiro-OMeTAD, and is increasing with storing time under light condition 
and Li-TFSI. Storage time of the sample containing Li-TFSI is 1 day (black), 4 days 
(dark grey) and 18 days (light grey) while the sample without Li-TFSI is stored for 
18 days and is shown as the black dotted curve at the baseline. 

Paper V further explores the oxidation behaviour of spiro-OMeTAD in pres-
ence of Li-TFSI and the implication this effect might have on the operation 
of solid-state DSC devices. There are many other additives used in the DSC 
which will not be further explained in this thesis. For example deoxycholic 
acid derivatives are sometimes used to split up dye aggregates in the dye 
bath solution, during the sensitization of the TiO2 electrode, an effect which 
has shown to increase the device performance.78-79 It is also possible to treat 
the meso-porous TiO2 network with various acidic additives, such as phos-
phonic acids, which has shown to chemisorb onto the TiO2 surface and to 
increase DSC device performance.80-81 

2.5 Counter electrode 
The counter electrode is responsible for completing the internal electrical 
circuit by injecting electrons back into the electrolyte. In the liquid electro-
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lyte DSC based on the I- /I3
- system the counter electrode is built on a TCO 

substrate on which a platinum (Pt) electrocatalyst is deposited by thermal 
means from a solution of an organoplatinum compound.13,82 Others types of 
electrocatalyst have been proven to work efficiently such as carbon, CoS or 
NbO but have not yet gained wide spread use.83-85 The most important pa-
rameter for an efficient electrocatalyst is the rate of reduction of the redox 
mediator, for example the reduction of I3

-. This influences the performance 
of the DSC, where a low catalytic activity or a high over-potential add serial 
resistances to the solar cell.49  
 
In solid-state DSC the counter electrode materials most commonly used are, 
thermally evaporated metals of silver or gold. Evaporation of reflective met-
al contacts has been recognized to increase the short circuit current density 
(Jsc) in solar cells by reflecting transmitted light back into the solar cell and 
thus increase the LHE(λ).41 This is an important improvement since light 
capture in the thin TiO2 electrodes used for solid-state DSC has so far lim-
ited the total conversion efficiency of these devices. There is very little 
known about the influence of the counter electrode material on the device 
operation of the solid-state DSC. There are some discussions about V2O5/Al 
contacts and Ag/Au contacts but very little on others.41,86 
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3. The operation of the dye-sensitized solar 
cells 

The operational principle of the photoelectrochemical solar cells is based on 
several interfacial electron transfer and bulk charge carriers transport pro-
cesses. A photon is absorbed by the sensitizing dye which promotes an elec-
tron from a lower energetic state to a higher energetic state, the system has 
absorbed energy. The photo-excited electron, which is also the carrier of the 
absorbed energy, is injected into the meso-porous network of TiO2. The elec-
tron vacancy, or the hole, left on the dye molecule is reduced by I- molecules 
from the electrolyte. The driving force for this regenerative electron transfer 
step is the more negative redox potential of the I‐ with respect to the oxidized 
dye molecule. The injected electrons are transported through the meso-
porous TiO2 network by a diffusion process until they reach the FTO sub-
strate where they can be collected by the external circuit. The oxidized I- 
molecule on the other hand is going through several intermediate chemical 
transitions which finally forms the I3

- molecule. This species diffuses in the 
electrolyte phase, until it reaches the platinized counter electrode, where it is 
reduced back to I-.  
 
This straight and simplified picture of the operation of the photoelectro-
chemical solar cell will serve well for a continued discussion about the 
origin of the photo-current and photo-voltage seen in these types of devices. 
Figure 14 shows the linear flow of photo-current in an idealized liquid elec-
trolyte DSC. 
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Figure 14: A schematic representation of how the photo-generated charges flow 
inside a liquid electrolyte DSC and how they are collected in the external circuit. 

To understand the photo-voltage of a liquid electrolyte DSC it is first im-
portant to take a step back and look at the system in darkness as well as un-
der different external loads, see Figure 15. In darkness and thermal equilibri-
um the TiO2 electron Fermi energy ,  is equal to the redox energy of 
electrolyte ( , ),23,87 where the ,  is given by:19 
 , ,°    Eq. 2 
 
Eq. 2 represents the Nernst equation, written in the energy scale, where ,°  is the formal redox energy of the electrolyte,  is the Boltzmann 
constant and T represents the temperature. Under illumination the DSC sys-
tem is perturbed by injected photo-electrons from the sensitizer dye to the 
TiO2. The equilibrium ,  is split under illumination into the quasi-Fermi 
energy levels ( ,∗  of electrons in the TiO2 and ,  for the electro-
lyte.88 The photo-voltage (Uphoto) of the solar cell is related to the difference 
in energy level positions and is given by: 
  ,∗ ,    Eq. 3 
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In dark equilibrium

ELUMO

EHOMO
ERedox

Ecb
FTO      TiO2 + Electrolyte             Dye                    Electrolyte         Counter                 

Under steady‐state illumination

ELUMO

EHOMO
E*Redox

Ecb
FTO      TiO2 + Electrolyte             Dye                    Electrolyte         Counter                 

E*F,n

Figure 15: The formation of photo-voltage in a liquid electrolyte DSC when going 
from a state of thermal equilibrium in darkness (a, left) to a steady-state where the 
solar cell is illuminated and under an external load (b, right).   
 
As the external load increases, so does the photo-voltage until the ,∗  in the 
TiO2 is equal to the TiO2 . This is the ideal theoretical open-circuit poten-
tial (Voc) of DSC where no back flow of current exists.88 The real liquid elec-
trolyte DSC does indeed have these back flow pathways where charges are 
flowing in the opposite direction, or as they are generally called recombina-
tion currents.  
 
There are three main loss mechanisms in the DSC where photo-current is 
lost due to recombination currents: losses due to the relaxation of the photo-
excited dye molecule, losses due to the photo-oxidized dye recapturing an 
electron from the TiO2 and losses occurring when electrons in the TiO2 re-
combine with the oxidized electrolyte species (the I3

-). In Figure 16 all of the 
above-mentioned electron transfer processes are indicated, where black ar-
rows indicate forward electron processes (good for the operation of the solar 
cell) and where red arrows indicate recombination currents, which are bad 
for the operation of the solar cell. 

a b 
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Figure 16: A schematic view over all electron transfer processes in a dye-sensitized 
solar cell based on a liquid electrolyte. Power generating steps are marked as solid 
lines while steps limiting the performance of the liquid DSC are marked in dotted 
lines.    

The process in which electromagnetic energy is converted to a flow of elec-
trons in the dye-sensitized solar could be described as several electron trans-
fer steps, in which each step could be described by a kinetic rate constant. In 
the DSC several of these kinetic processes are in competition with each oth-
er. Some are positive for the operation of the solar cell, such as electron in-
jection and dye regeneration, while some of them are negative, such as elec-
tron recombination and fluorescence.  
 
It is the differences in kinetic rate constants which permits that an electro-
chemical potential can be built up between the TiO2 phase and the electrolyte 
phase during illumination of the DSC device.87 Without these differences the 
DSC would not be able to sustain any photo-potential and thus the DSC 
would not be able to convert any electromagnetic energy to electrical power. 
As will be shown below, the greater the differences, the higher the probabil-
ity of charge carriers being transported and collected in the external circuit 
both with and without a load resistance. The most important steps were 
summarized above for a typical DSC device based on the I-/I3

- electrolyte, 
the corresponding reactions are also indicated in Figure 16. 

DyeHOMO

DyeLUMOEcb E*F,n
(I3‐/I‐)

1.

2.

3.
4.

5.

6.

7.
8. 9.

FTO / TiO2 1. Photo‐excitation2. Electron injection3. Dye regeneration4. e  trapping/detrapping in TiO25. e  diffusion in TiO26. Ionic diffusion of electrolyte7. Relaxation of photo‐excited state8. e  back reaction9. e  recombination
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3.1 Electron transfer steps in dye-sensitized solar cells 
The measured rate constants associated with the reactions in Figure 16 are 
different for every system. To exemplify the range of rate constants (or time 
constants) for a system it is helpful to look at the most investigated system to 
date i.e. ruthenium sensitizer complexes on colloidal anatase TiO2. In this 
system electron injection from the photo-excited state into the TiO2 takes 
place in the femtosecond (10-15 s) to picosecond (10-12 s) range while elec-
tron back reaction and recombination happen on the millisecond time scale 
(10-3 s).20,49,89-94 The rate constants for the electron diffusion in the TiO2, 
electron back reaction and recombination are dependent on the light intensi-
ty. The reason and implication of this behavior is explained later. The reduc-
tion of the photo-oxidized dye happens on the microsecond (10-6 s) time 
scale.93-95 Generally, for efficient DSC, forward reactions marked in black 
solid line in Figure 16 need to have larger rate constants than the correspond-
ing competing reaction, marked with grey dotted lines. These relationships 
are commonly expressed in a simpler form where each process can be de-
scribed as an efficiency. For example the electron injection efficiency (ΦInj) 
is written as a ratio of the competing kinetic processes, see equation 4. 
 Φ       Eq. 4 
 
where kinj is the rate constant for the photo-excited electron to be injected 
from the dye into the TiO2 and where the krel is the total rate constant for the 
relaxation of the photo-excited state. From equation 4 it is apparent that a 
higher rate constant for electron injection is advantageous for the DSC de-
vice operation as well as having low rate constants for the relaxation. The 
same procedure can be applied for the dye regeneration (ΦReg) and the charge 
collection (ΦColl), see Eqs. 5 and 6. 
 
 Φ       Eq. 5 
 Φ       Eq. 6 
 
where kreg , kback, ktrans and krec are the rate constants for regeneration, back 
reaction, transport and recombination. 

3.1.1 Diffusion processes 
Both the transport of redox species in the electrolyte and electrons in the 
meso-porous TiO2 network are diffusion controlled. First, the transport of 
electrons in the TiO2 by diffusion is the result of a concentration gradient of 
electrons in the TiO2 network. An electron concentration gradient can also be 
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viewed as a gradient in electrochemical potentials across the TiO2 film. The 
gradient in electron concentration is the result of short-circuiting the solar 
cell under illumination and extracting charges from one of the contacts. This 
operation of DSC differs from that of regular p-n junctions in one important 
aspect, the abscence of an internal electric field. In DSC the drift current is 
often neglected since it is believed that there is a very small electrical field 
inside small intrinsically doped TiO2 particles.96 The correctness of this as-
sumption is debated as well as the reason for having a light intensity depend-
ent diffusion transport in meso-porous TiO2.

14,97 Currently, the best model 
which describes the transport of electrons in the conduction band of TiO2 is 
through a series of electron trapping and de-trapping events, in which the 
electron diffusion coefficient depends on the total amount of charge carriers 
in the film.98-99 
 
When characterizing DSC it is common to ascribe the movement of elec-
trons in the TiO2 with a diffusion coefficient (D) and the time electrons are 
residing in the TiO2 with a lifetime coefficient (τ). In analogy with the ΦColl, 
Eq. 6, a diffusion length (LD) is calculated to describe how far an average 
electron can diffuse inside a meso-porous TiO2 electrode before recombin-
ing.97 The  and  terms in Eqs. 7 and 8 describe, the dynamic equilibri-
um between trapped electrons (nt) and conduction band electrons (nc).

100 The 
effective electron diffusion coefficient (Dn) is proportional to the concentra-
tion of electrons in the TiO2 and the effective electron lifetime ( ) is in-
versely proportional to the concentration of electrons in the TiO2. Eqs. 7 and 
8 show the quasi-static approximation of the diffusion coefficient for free 
electrons ( ) and the electron lifetime for free electrons ( ).100     
 1                      Eq. 7 
 1    Eq. 8 
              Eq. 9 
 
The diffusion length is the average displacement of electrons associated with 
Dn and τn, and where the dependence of nc and nt is effectively canceled out 
when determining the LD.99-103 For efficient charge collection of electrons 
generated in the meso-porous TiO2 network the LD needs to exceed the film 
thickness.   
 
The second diffusion process in the DSC is that of the redox mediator (I-/I3

-). 
The redox mediator forms an ionic circuit between the platinized counter 
electrode, where I3

- is reduced to I-, and between the TiO2/dye interface, 
where I- is oxidized to I3

-. The molecular diffusion is driven by a concentra-
tion gradient build up by the regeneration of the photo-oxidized sensitizing 
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dye molecule. The absolute diffusion coefficient of ionic species varies with 
the viscosity of the solvent in which they are dissolved. For example the 
diffusion coefficient for I3

- in MeCN is > 8.5.10-6 cm2s-1 while in the higher 
viscosity solvent 1-hexyl-3-methyl-imidazolium iodine it has a diffusion 
coefficient of 9.10-8 cm2s-1.104 The diffusion coefficient of redox species is 
not only determined by solvent viscosity but also on the size of the molecule. 
These as well as the concentration of the redox species influence the over-
potential of the counter electrode and the maximum current density it can 
sustain.  

3.2 Charge transfer processes in solid-state DSC 
The solid-state dye-sensitized solar cell has very similar charge transfer steps 
as its liquid electrolyte counterpart. The main difference is that the charge 
transfer in solid-state DSC occurs through the HOMO level of the solid hole 
transporting material by a hopping mechanism rather than by ionic diffu-
sion.53,67,105-107 The hopping mechanism is the description of charge carrier 
transport through a disordered landscape of spatial and energetic states.108-109 
The charge transport in these materials can be of either electron or hole 
transporting character or they can have an ambipolar transport meaning that 
they conduct both electrons and holes. Spiro-OMeTAD, the most common 
material in this thesis, is only used as a hole transporting material.53 Figure 
17 shows a schematic picture of hole transport in a Gaussian distribution of 
energetic HOMO states, where holes are transported from the oxidized dye 
molecule to the counter electrode. 
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Figure 17: A schematic picture of the carrier transport in a solid-state molecular hole 
transporting glass using an ensemble of HOMO states which could be active in the 
charge transport of holes. 

The ambipolar conductivity (σ) of a material can be written as a function of 
the mobility (µ) and the concentration of charge carriers, where holes are 
denoted as p and electrons as n, see Eq. 10. An efficient hole transporting 
material used for solid-state DSC application should be able to sustain cur-
rent densities of more than 20 mA cm-2 in order for it not to be diffusion 
limited. For spiro-OMeTAD the electron conductivity is neglected, since it is 
assumed to be a hole transporter. Two studies of the mobility of spiro-
OMeTAD have been published with values of 2.10-4 cm2V-1s-1 at 2.6.105 
Vcm-1 and one with 1.4.10-5 cm2V-1s-1 at 1.2.104 cmV-1. 53,77 These values are 
higher than those measured in time-of-flight measurements of Paper V, 
1.0.10-5 cm2V-1s-1 at 2.5.105 Vcm-1.  
        Eq .10 
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Figure 18: The extinction coefficient of spiro-OMeTAD in Cl-benzene (a, left) and 
the absorption spectra of both oxidized and non-oxidized spiro-OMeTAD in Cl-
benzene (b, right).    

The charge carrier concentration in a semiconducting material can be either 
intrinsic or extrinsic in nature, intrinsic charge carrier comes from the tem-
perature dependent Fermi-Dirac distribution while extrinsic charge carrier 
can be introduced in the material by photo-doping, impurities or chemical 
doping. The doping density of spiro-OMeTAD can be detected by absorption 
spectroscopy by the absorption of the extra vacant state the doping introduc-
es in the HOMO level. Figure 18a shows the extinction coefficient of spiro-
OMeTAD in a Cl-benzene solution and Figure 18b shows the absorption 
spectrum of oxidized spiro-OMeTAD in the same solvent. Note especially 
the oxidized peak at 520 nm with a long extended tail towards 800 nm. An 
additional oxidation peak starts rising at 900 nm. This very broad absorption 
of the oxidized species of spiro-OMeTAD together with its large extinction 
coefficient of 3.3.104 M-1cm-1 at 507 nm complicates the interpretation of 
how much light is absorbed by the dye and how much is absorbed by the 
HTM.110 What is clear is that an absorption peak of the oxidized spiro-
OMeTAD stretching over much of the visible spectra will result in a signifi-
cant filtering effect, reducing the photo-current generated by the sensitizing 
dye.  
 
The photo-doping effect, which involves the increase of charge carriers with-
in the spiro-OMeTAD due to injection of holes from the photo-oxidized dye 
can be seen in Figure 19. This photo-doping effect was measured using a 
three electrode setup with two silver electrodes, used for measuring the resis-
tivity, evaporated on top of a solid-state DSC. The short-circuit current was 
varied by changing the illumination power yielding very similar results as 
previously report by Snaith et al.111  
  
 

 

a b 
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Figure 19: A schematic view of a three electrode solid-state DSC containing two 
evaporated silver contacts used for measuring the resistivity of spiro-OMeTAD in a 
working device (a, left). An increase in short-circuit current density, or number of 
injected holes in the spiro-OMeTAD, corresponds to a reduction of the resistivity in 
spiro-OMeTAD, according to Eq. 10 (b, right). 

In its pure state spiro-OMeTAD is almost an insulator with very low conduc-
tivity, the doping density and its conductivity can easily be modified by 
chemical doping, as seen in subchapter 4.2.3 where spiro-OMeTAD is doped 
with Li-TFSI. When the solid-state DSC was introduced it was very com-
mon to add a chemical dopant, often an antimony complex, to the spiro-
OMeTAD matrix.27,39,112 Since then the use of chemical dopants in solid-
state DSC have fallen out of practice. Recently, however, a very efficient 
solid-state DSC device was demonstrated built with a cobalt complex as 
dopant. This device currently holds the record of 7.2 %.29 
 
The solid‐state DSC has an even faster reduction rate of the photo-oxidized 
dye than the liquid electrolyte DSC. The hole transfer rate from a ruthenium 
dye (N719) to spiro‐OMeTAD has been measured to occur on a time scale 
between 3 ps and 1 ns with 50 % of the dye being reduced after 900 ps.105 
Because of this much faster regeneration rate compared to liquid DSC the 
dye regeneration in solid‐state DSC is often assumed to be close to unity.113 

3.3 Obstacles for increasing conversion efficiency in 
dye-sensitized solar cells 
In liquid electrolyte DSC the existing limitations for increasing the device 
efficiency are twofold. The first one regards the insufficient light harvesting 
in the near-infrared region for the sensitizers to date used in DSC. There 
exists near-infrared dyes which absorb light to higher wavelengths but these 
dyes are usually limited in conversion efficiency, mainly due to the low out-
put photo-voltage these devices are yielding. The optimal band gap for a 

a b 
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sensitizer dye follows that of the Shockley-Queisser limit, which determines 
the theoretical optimum band gap of a single absorbing material to 1.1 elec-
tronvolt (eV).114 This theoretical limit predicts a maximum conversion effi-
ciency just above 30% for a perfect absorber in an ideal solar cell. The dye-
sensitized solar cell has electronic losses which cannot be neglected in this 
analysis and will influence the optimum band gap energy of the sensitizing 
dye. Some of these losses are necessary for driving electron transport pro-
cesses in the solar cell while others are over-potential losses which can be 
avoided in an optimized DSC device. By comparing the absorption onset for 
the dyes in Figure 20, which ranges from 575 nm to 700 nm (equals 2.16 eV 
- 1.77 eV), with the theoretical limit of 1.1 eV it is possible to see that large 
amount of photons which could be harvested for electricity generation never 
are absorbed by the dye at all. 
 
The second drawback of the liquid electrolyte DSC based on I-/I3

-, which is 
limiting its conversion efficiency, is the large losses from over-potential in 
electron transfer steps. Consider the standard ruthenium dye (N719) which 
has an absorption onset of 750 nm and an open-circuit potential of 0.85 V at 
1000 Wm-2.115 Even for this very efficient DSC there is a loss-potential of 
~0.80 V. This loss in potential has two main components; potential loss at 
the electron injection step from dye to TiO2 (∆ 0.25 ) and the over-
potential in the reduction of the photo-oxidized dye (∆ 0.6 ), see 
Figure 20.116 

 
Figure 20: There are large potential losses in liquid electrolyte DSC based on the I-

/I3
- electrolyte. The two main losses are from over-potentials in the dye regeneration 

and for electron injection.  

It is this over-potential in the dye regeneration step for the I-/I3
- redox media-

tor which is one of the main motivator trying to find new redox mediators, 
both liquid electrolytes and solid-state HTM. Many of the new redox media-
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tors which have been reported have a lower potential drop for the dye regen-
eration but also has a shorter electron lifetime, with implications for the cur-
rent and photo-voltage of these devices.51-52,117 The shorter electron lifetime 
for some liquid electrolyte redox mediators, others than that of the I-/I3

-, are 
attributed to the faster interfacial recombination kinetics of electrons in the 
conduction band of TiO2 with oxidized redox species in the electrolyte. Em-
pirically, this is a common observation, for one-electron, outer-sphere redox 
couples such as ferrocene and cobalt-complexes. 
 
The same higher rate of electron recombination is also limiting the device 
efficiency for solid-state DSC based on spiro-OMeTAD.110,118 Electron dif-
fusion lengths for liquid electrolyte solar cells based on I-/I3

- have been re-
ported with a wide spread of values, ranging between 80 µm,103 16 µm,119 
20-100 µm,118 30-60 µm,120 to 40-70 µm.121 Thus, LD is significantly longer 
than the actual TiO2 thickness. The LD for solid-state DSC on the other hand 
are significantly shorter with values of 4 um,122 2-20 µm,111 6-13 µm,101  
2-6 µm,123 0.6-6 µm,124 and 0.8-3 µm.118 This shorter LD in solid-state DSC 
reflects the shorter electron lifetime in these devices rather than different 
change transport dynamics of the TiO2.

111 One other important difference 
can be discerned by comparing the LD for liquid and solid-state DSCs. It is 
often found that the LD changes with ,∗  and in the liquid electrolyte DSC 
LD is increasing with ,∗   while the opposite is true for solar cells based on 
solid-state HTM.101 
 
 
 

 

 

Figure 21: The impact of variations in working electrode thickness in solid-state 
DSC based on spiro-OMeTAD and the sensitizer, D102. Thicknesses: 3.15 µm 
(stars), 2.53 µm (diamonds), 1.46 µm (squares) and 1.88 µm (circles). All samples 
are measured at 1000 Wm-2 (AM1.5G). 

Empirically, the optimum thickness of the meso-porous TiO2 network for 
use in solid-state DSC based on spiro-OMeTAD has been determined to be 
around 2 µm. This thickness is not thick enough to absorb and convert 
enough photons to electricity to yield devices with efficiencies above 10 %. 
This constraint in device thickness is not well investigated but it is proposed 
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that the limitation arises from poor filling of the voids/pores of the meso-
porous TiO2 network with the organic semi-conductor.39 This pore-filling 
effect has recently been investigated showing that a better performing solar 
cell device can be obtained when increasing the amount of spiro-OMeTAD 
inside the pores.123,125-126 Figure 21 shows how relative small changes in 
thickness of the TiO2 meso-porous network can influence the performance of 
solid-state DSC. The effects seen in the figure below does not only reflect a 
change in pore-filling but also changes in absorption of these devices (for 
example note the lower photo-current for the 1.46 µm device compared to 
the one of 1.88 µm) as well as changes in the thickness of the over-standing 
layer and charge collection efficiency.  

3.4 Stability of dye-sensitized solar cells 
For commercialization of the DSC it is not only important to have high solar 
energy conversion efficiency but also questions regarding production costs 
and stability needs to be addressed.16 Stability issues are covered in the sci-
entific literature to some extent with stability optimized electrolyte DSC 
being reported to retain > 95 % of the initial device efficiency for 1000 
hr.16,127 Both stable (1000 hr and 1 sun) and efficient (4.6 %) solid-state DSC 
based on organic dye molecules have been reported.128 So far, device stabil-
ity has been of lower priority than device efficiency. However, with increas-
ing efforts for the industrial realization of DSC products stability becomes 
more important. 
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4. Methods 

4.1 Solar cell preparation and assembly 
The specific preparation methods to assemble DSC can be found in the ex-
perimental sections of each paper but some general practices will be present-
ed in the subchapters below. The differences between dye-sensitized solar 
cells with a liquid electrolyte and a solid-state hole transporting material are 
few but significant and are therefore noted in the subchapters below. The 
preparation method of the bulk heterojunction solar cell device, which is one 
half of the tandem cell, differs on the other hand substantially from the prep-
aration method of the DSC and is therefore given in a longer introduction in 
chapter 4.1.3.    

4.1.1 Liquid electrolyte dye-sensitized solar cells 
The preparation and assembly of the liquid electrolyte DSC is carried out 
in several consecutive steps, namely: the formation of the meso-porous 
TiO2 working electrode, the coloration of the working electrode with the 
sensitizing dye, the infiltration of the liquid electrolyte and the sealing of the 
solar cell. The FTO substrate, on which the DSC solar cell is built on, is 
coated with a commercial TiO2 paste (Dyesol, DSL 18NR-T) by screen 
printing,23 doctor-blading,34 spin coating.129 The TiO2 paste coated FTO sub-
strate is then sintered, a process in which the substrate is treated through a 
slow heating program up to temperatures of 450 °C. This sintering process 
assures that all organic solvents, binders and fillers present in the TiO2 paste 
burn away leaving only a meso-porous structure of the inter-connected TiO2 
particles behind.130 To adsorb the sensitizing dye to the sintered TiO2 struc-
ture the hot electrodes are submersed into a solution containing the dissolved 
dye. The dye solution penetrates the meso-porous TiO2 network slowly and 
it is usually required to leave the working electrode for more than ten hours 
in the dye solution to assure dense enough packing of dye molecules on the 
TiO2 surface to yield good working DSC devices.130  
 
A similar heating step as above is applied when preparing the platinized 
counter electrode. The counter electrode is built on a FTO substrate where 
two pre-drilled holes will allow for the introduction of the electrolyte into 
the solar cell. The counter electrode is coated with an ethanol solution con-
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taining a chloroplatinic acid compound, the subsequent sintering step de-
composes the compound into metallic platinum, which will act as a catalyst 
for injecting electrons into the liquid electrolyte DSC by reducing the I3

- 
species in the electrolyte.130  
 
Having formed the basis of a dye-sensitized solar cell by attaching the dye 
molecules on the large surface area TiO2 structure, the solar cell is assem-
bled by melting the working electrode and the platinized counter electrode 
together using a thermoplastic foil. The thermoplastic foil is used to create a 
barrier for solvent evaporation between the two substrate glasses but also to 
form a lateral spacer between the working electrode and the counter elec-
trode, to avoid short-circuiting the DSC device by forming a physical con-
nection between the two. 
 
The exact liquid electrolyte composition varies greatly but almost always 
includes iodine (I2) and a source of iodide ions (I-) dissolved in a solvent.16 
The electrolyte is introduced into the DSC solar cell through the hole in the 
counter electrode glass. The wetting of the internal space of the solar cell is 
facilitated by capillary forces between the substrate/TiO2 and the solvent. To 
increase this wetting and remove gas bubbles trapped inside the meso-porous 
TiO2 network it is common to subject the open solar cell to a low pressure 
step.130 Finally, the liquid electrolyte DSC is completed by sealing the inlet 
holes in the counter electrode by melting a thermoplastic foil and a glass 
cover over the holes. This prevents further evaporation of solvent from the 
internal space of the solar cell. 

4.1.2 Solid-state dye-sensitized solar cells 
The preparation of solid-state DSC differs only slightly from that of the liq-
uid electrolyte DSC. The main differences lie in the application of the hole 
transporting material as well as the need for a TiO2 blocking layer. The latter 
is often a dense layer of TiO2 which is deposited on the FTO electrode usual-
ly by spray pyrolysis which has been described in detail in section 
2.1.1.38,40,131 
 
The next big difference in the preparation method between liquid and solid-
state DSC is the infiltration of the electrolyte and the solid-state hole trans-
porting material, respectively. The liquid electrolyte can be introduced into 
the meso-porous network of the solar cell by capillary forces. The solid-state 
HTM on the other hand is dissolved in a volatile solvent, often chloro-
benzene, and is spin coated into a solid film where the solvent is expected to 
evaporate quickly. In practise the dyed thin meso-porous TiO2 working elec-
trode, roughly around 2 µm, is placed on a rotating table on which the sub-
strate is hold down by vacuum suction. By covering the TiO2 working elec-
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trode with dissolved HTM, often spiro-OMeTAD, it will penetrate into the 
structure by capillary forces. The penetration depth of the solid-state HTM is 
thought to depend both on the soaking time and the concentration of the 
solute but also on the viscosity of the dissolved solution.125 The spin coating 
procedure is applied to remove excess solid-state HTM and to form a uni-
form layer of the HTM on top of the meso-porous TiO2 network. This layer 
is usually referred to as the overstanding layer and is thought to be necessary 
to avoid a direct contact between the evaporated back contact and the TiO2. 
The exact nature of this filling process in solid-state DSC is not well under-
stood but it is believed to be the limiting step in increasing the device per-
formance.111,123,125 
 
Finally, the solid-state DSC device is completed by the evaporation of a back 
contact, commonly silver or gold. This contact is responsible for injecting 
electrons into the device from the external circuit. All the contacts used in 
this thesis have been applied on the solar cell by thermal resistive evapora-
tion through heating of a tungsten filament by passing high currents through 
it until it is glowing hot. 

4.1.3 A sDSC and bulk heterojunction tandem device 
The tandem solar cell presented in Paper VI is a mixture of a solid-state 
DSC prepared as described above, but instead of using a thick reflective 
contact it has a thin (2 nm) transparent silver electron-hole recombination 
layer. On top of this solid-state DSC device is an inverted small molecule 
bulk heterojunction solar cell evaporated. Figure 22 shows the schematic 
device setup for a novel tandem solar cell which reaches efficiencies of 6 %. 
The evaporation of the organic BHJ solar cell is made by loading the com-
plete first half cell, the solid-state DSC, into a vacuum chamber. The first 
evaporation step is the silver recombination layer followed by a 6 nm exci-
ton-blocking layer of 4,7-diphenyl-1,10-phenanthroline (Biphen) and a 20 
nm layer of C60. After these 3 layers a 40 nm layer of zinc phthalocyanine 
(ZnPc) and C60 are co-evaporated to form an interpenetrated network respon-
sible for the photo-activity of the BHJ solar cell. For a comprehensive de-
scription of the instrumentation and the functioning of this type of BHJ solar 
cell please refer to this excellent reference.12 
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Figure 22: A schematic picture of the device setup used for a novel tandem solar cell 
based on solid-state DSC and the BHJ solar cell. The molecular structure of ZnPc 
and C60 can be seen on the right hand side of the figure. 

4.2. Preparation of Materials for DSC 
4.2.1 Colloidal metal oxide particles for DSC 
The preparation of colloidal metal oxide particles is often made through the 
sol-gel route. With this method it is possible to obtain particle sizes which 
ranges from the low nanometer size to hundreds of micrometers from vari-
ous metal oxides such as TiO2, SnO2, ZnO, ZrO, Ta2O5, WO3, NiO and 
many others.132-133 The metal oxide systems used in this thesis were either 
commercially available or synthesized in the laboratory according to previ-
ously developed routes. In Paper I the working material used was cassiterite 
SnO2 with an average particle size of 8 nm. These particles were prepared by 
metal hydrolyzation/precipitation of SnCl4 in basic conditions followed by a 
hydrothermal method to increase particle sizes. Investigations of product 
crystallinity and particle dimensions were carried out with X-ray diffraction 
techniques (XRD) and transmission electron spectroscopy.134    
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Figure 23: A powder X-ray diffractogram of calcinated (450 °C) SnO2 particles 
synthesized as described above. The resulting diffractogram peaks had a high corre-
lation with the cassiterite SnO2 (JCPDS 21-1250) with the corresponding peak indi-
cated in the figure. The diffractogram was recorded using a Siemens D5000 with Cu 
Kα radiation. The * indicate from left to right: (112) and (321). 

The crystallinity of the prepared SnO2 paste was measured with XRD, the 
resulting diffractogram is shown in Figure 23 with a very high correlation 
with the SnO2 cassiterite phase.  A commercial paste of colloidal TiO2 parti-
cles (Dyesol, DSL 18NR-T) was chosen for Papers II-VI, mainly because 
optimized solar cells using this paste outperformed non-commercial, home-
made pastes.   

4.2.2 Core-shell structures by atomic layer deposition 
There is no general agreement on what defines a core-shell structure and for 
the reader and the clarity of this thesis it will be defined as a system where 
one spherical core material is coated with an outer shell material. For DSC 
applications core-shell structures have been successfully utilized when the 
shell was deposited through both liquid and vapor phase methods.135-137 The 
effect this type of surface modifications will have on a DSC device is not 
only dependent on which materials are chosen for the core-shell structure but 
it is also believed to be sensitive to both coating uniformity and to the coat-
ing method. Applying gas phase methods over liquid phase deposition tech-
niques is believed yield to higher control over parameters such as coating 
thickness and conformity. 
 
Atomic layer deposition (ALD) is a less common variant in the big family of 
vapour deposition techniques, developed to coat surfaces through gas phase 
reactions. This technique will not be thorough explained in this thesis but the 
following references will provide the interested reader with the basic back-
ground information.138-139 These 5 steps cover the general ALD process when 
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coating a metal oxide on a high aspect-ratio surface, as used for creating the 
SnO2-TiO2 core-shell seen in Paper I: 
 

• Formation of a reactive surface by removing adsorbed water mole-
cules from the meso-porous SnO2 surface by heating (300 °C) under 
an inert gas flow. 

 
• Exposition of the reactive hydroxyl groups on the SnO2 surface to a 

carrier gas containing the metal precursor, TiCl4, invoking a chemi-
cal reaction between the TiCl4 species and the tin dioxide surface. 

 
• The reactor chamber is purged from all unreacted precursor mole-

cules with an inert carrier gas as well as removing all volatile reac-
tion products. 

 
• Exposition of the titanium covered SnO2 surface to water vapour at 

elevated temperature leading to hydrolyzation of all remaining [Ti-
Cl] bonds to form TiO2 on the surfaces. 

 
• Repetition of step 1 through 4 (constituting one ALD cycle). Con-

secutive reaction occurs now with free hydroxyl groups on the TiO2 
surface. 

 
The resulting surface coverage using this layer-by-layer ALD technique has 
shown to have an excellent uniformity and a linear coverage response to the 
number of ALD cycles is applied.140-141 Even if the schematic picture above 
suggest that a single monolayer of atoms would be deposited for every ALD 
cycles it has been shown, for other systems, not to be the case. Rather, the 
deposition rate depends on reaction temperature used in the ALD chamber, 
type of precursor and the templating material. Common techniques used for 
investigating core-shell structures include X-ray photoelectron spectroscopy 
and electron microscopy. Figure 24a shows how XPS can be utilized to fol-
low the change in chemical composition of the outer most layer of the SnO2-
TiO2 core-shell structures when varying the number of TiO2 ALD cycles. 
The increase in XPS signal ratio shows the attenuation of the Sn3d5/2 peak as 
the SnO2 core particle is covered with atomic layers of TiO2. From these 
measurements it is possible to estimate the TiO2 coating thickness using the 
probability of inelastic scattering and the dampening of the Sn3d5/2 signal.142 
The XPS measurements presented in Paper I have been recorded at the end 
station of beam line KMC-1 at the synchrotron facility BESSY in Berlin, 
Germany.143 Further experimental details can be found in the experimental 
section of Paper I. 
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Figure 24: The change in chemical composition of the outer most layers of SnO2-
TiO2 core-shell structures formed by atomic layer deposition and the estimation of 
coating thickness from XPS data (a, left). The average particle width of SnO2-TiO2 
core-shell particles as measured from transmission electron spectroscopy pictures, 
each point represent at least an average of 40 particles (b, right).  

 
Figure 24b shows how the core-shell particle increases in width when apply-
ing TiO2 ALD cycles on the 8 nm SnO2 core particle. Electron microscopy 
pictures were taken with a FEI Titan 300 transmission electron microscope 
(300 keV).  

4.3 Characterization of complete solar cells 
The are many techniques for characterizing solar cells, some are standard in 
the field such as current-voltage measurements (J-V) or incident-photo-to-
current-conversion efficiency (IPCE), while others are less common. This 
section will broadly describe some measurement techniques used during this 
thesis but also refer the reader to appropriate and important references.  

4.3.1 Current – Voltage (J-V) Measurement 
For solar cells the single most important parameter is the efficiency of con-
verting solar power into electrical power under illumination. This parameter 
is called conversion efficiency, usually just efficiency for short, and is de-
fined as: 
      Eq. 11 
 
Where (Pout) is the amount of electrical power extracted from the solar cell 
divided by a known incident electromagnetic power (Pin). Both these physi-
cal quantities are generally expressed in the unit Watt (J.s-1) and the η is a 
unitless quantity expressed in percent.  

a b 
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While testing and comparing solar cells under a bright and cloud free sum-
mer sky would be the optimal testing conditions for solar cells, unfortunately 
these conditions rarely present themselves. In laboratory conditions one has 
to rely on artificial light sources such as filtered xenon or halogen lamps. 
With these light sources it is important to also know and trust the spectral 
distribution and the power of the light source used. For the characterization 
of solar cells light sources that simulate the spectral distribution and intensity 
of the standard solar spectrum are used, see Figure 2. Using standardized 
measuring conditions is important for publishing and comparing PV tech-
nology. The power of the light source is calibrated to resemble AM 1.5 G 
conditions (1000 Wm‐2) using a reference. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: Power and J-V curve of a very efficient (4.8 %) solid-state DSC based on 
D102 and spiro-OMeTAD, prepared as explained in Paper VI. The figure marks all 
important solar cell parameters and where and how they are read out from the J-V 
curve; the shaded area represents the real power of the device (Jmax

.
Vmax) while the 

(Jsc
.Voc) represent the theoretical maximum of the device.   

The Pout is the product of the measured potential and the flow of photocur-
rent from the solar cell under illumination. The point on the J-V curve which 
gives the highest power is called Pmax, which has a corresponding Vmax and 
Jmax, as indicated in Figure 25. For comparing the performance between dif-
ferent solar cells it is customary to also indicate the photocurrent at zero 
applied potential, the short-circuit current density (Jsc) and the potential 
where no net current runs through the external circuit, the open circuit poten-
tial (Voc), both indicated in Figure 25. It is also common to ascribe the solar 
cell a fill factor (FF) value which is defined through Eq. 12.  
 

   Eq. 12 
 
The fill factor says something about the quality of the solar cell where a 
higher value means a better solar cell. The shaded area in Figure 25 repre-
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sents the real power of the device (Jmax 
. Vmax) while the (Jsc 

. Voc) represents 
the theoretical maximum of the device.  

4.3.2 Incident-photon-to-current-conversion-efficiency 
Incident-photon-to-current-conversion-efficiency (IPCE) is a measurement 
technique used to measure the spectral sensitivity of a solar cell. Instead of 
measuring conversion efficiency of a solar cell using a white light, IPCE is 
using a monochromatic light with a known flux. By scanning through each 
wavelength and simultaneously measuring the current output it is possible to 
measure the spectrally dependent photo-to-current conversion efficiency of a 
solar cell.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: The incident-photon-to-current-conversion-efficiency of solid-state dye-
sensitized solar cell based on the dye MP08, see Paper IV.   

There are several different modes of operation for measuring IPCE, one 
technique is to measure the differential current caused by chopping a low 
irradiance monochromatic light on top of a white light pump. Another is to 
directly measure the photo-current of the monochromatic light without any 
background light. To measure IPCE of each individual subcells in a tandem 
solar cell configuration (see Paper VI) it is necessary to pump one subcell 
with a monochromatic light and then measure the spectral sensitivity of the 
other subcell, the current-limiting device, by scanning monochromatic light.   
 
Figure 26 shows the spectral sensitivity of the MP08 dye in a solid-state 
DSC device based on spiro-OMeTAD. The maximum IPCE value is around 
80 % with an IPCE onset at 650 nm, corresponding well to the absorption 
onset of the dye in solution (~600 nm). Now, having identified most of the 
important parameters for determining the device efficiency of a solar cell, it 
is possible to describe the IPCE as a function of the individual efficiency 
components as seen in Eq. 13. Because of reflectance and scattering losses 
of the glass/TCO/working electrode interface, the LHE(λ) seldom reaches 
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beyond 90% at the absorption maximum of dye. Thus, when reaching IPCE 
values of 80-90%, which is not uncommon in liquid electrolyte DSC, this is 
an indication of a near unity in efficiency of the individual components seen 
in Eq. 13.  
         Eq. 13 
                               Eq. 14 
 
It is sometimes useful to calculate the absorbed-photon-to-current-
conversion-efficiency (APCE), Eq. 14 which then can be used to gauge if 
injection, regeneration or charge collection is a problem for a specific sensi-
tizing dye. The integrated IPCE current also serves as an important cross-
checking method to validate the short-circuit current density (Jsc) in the J-V 
measurement, see Eq. 15. 
 

  Eq. 15 
 
 
where E(λ) is the photon flux of 1000 Wm-2 of an AM1.5 global solar spec-
trum as presented in Figure 2.  

4.3.3 Electron lifetime measurements 
In a solar cell it is important to know for how long an electron stay in a high-
er energetically state inside the meso-porous TiO2 before returning to its 
equilibrium state. This time is usually called the electron lifetime and re-
flects the rate constant of one or several electron recombination processes 
taking place inside the solar cell. There are two main ways how these kinetic 
processes can be measured, either by intensity-modulated photo-voltage 
spectroscopy or by electrical impedance spectroscopy, see impedance sec-
tion 4.3.6. Intensity-modulated photo-voltage measurements can either be 
performed with a sinus wave light modulation where the resulting voltage 
signal is resolved in the frequency space or as a small modulated square 
wave pulse where the resulting photo-voltage transient can be fitted with an 
exponential decay function, see Figure 27a and Eq. 16.  
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Figure 27: The transient photo-voltage of a solid-state DSC based on D35 under a 
small amplitude square wave modulated light (a, left). The black line is the meas-
ured data samples at 50 kHz and the grey line is the two part fitted data from Eq. 16. 
Fitted electron lifetime data measured for several orders of magnitude in light inten-
sity as a function of open-circuit potential (b, right). 

 ∆                  Eq. 16 
 
where V0 is the photo-voltage offset, ∆  is the photo-voltage difference 
from the small modulated light intensity, t is the time and τrec is the recombi-
nation lifetime of electrons. The ± sign before the right hand term in Eq. 16 
describes if the function is a photo-voltage decay or growth. The recombina-
tion lifetime for a solid-state DSC device made on the dye D35 has been 
fitted to Eq. 16, seen as the light grey line in Figure 27a, and was determined 
to be 2.73(± 0.01).10-3 seconds at approximately 1000 Wm-2. Using a single-
exponential growth function, as Eq. 16, might not always be advisable when 
dealing with more complex recombination reactions but has yielded similar 
results as Voc decay and IMPV measurements for small signal modula-
tions.144 The negative slope of the electron lifetime constant versus the open-
circuit potential, as characteristically seen in DSC and in Figure 27b, is a 
consequence of the trapping-detrapping model describing electron transport 
in DSC. At higher open-circuit potentials the ,∗  in the TiO2 meso-porous 
network is higher and therefore the ratio of free-to-trapped electrons is also 
higher. A higher charge density of free electrons in the conduction band of 
TiO2 increases the rate at which these electrons reach a recombination site 
from where they can recombine with holes in the electrolyte or HTM.  

4.3.4 Electron transport measurements 
Electron transport measurement can be performed using a similar approach 
as described in the previous chapter but instead of measuring the photo-
voltage it is possible to measure the photo-current running through the exter-
nal circuit of the solar cell. Square wave intensity-modulated photo-current 

a b 



 55

spectroscopy gives current transients with an exponential dependence on 
light intensity. The photo-current transient can be fitted with Eq. 17. 
  ∆                  Eq. 17 
     
where I0 is the photo-current offset, ∆  is the photo-current difference 
from the small modulated light intensity, t is the time and τresp is the response 
time for electrons to be either extracted through the external circuit or re-
combined with oxidized species in the electrolyte. Since the electron recom-
bination lifetime could be independently determined, as described in the 
previous subchapter, it is possible to recalculate the electron transport time 
(τtrans) from the electron response time through: 
 

     Eq. 18 
 
Figure 28 shows both the electron lifetime and the electron transport in a 
solid-state DSC device based on dye D35 versus light intensity. It is im-
portant to note that these two curves are not measured under identical condi-
tions; the electron lifetime (open symbols) is measured at open-circuit condi-
tions with a high charge carrier density of electrons trapped inside the TiO2 
meso-porous network and where the charge density profile across the film is 
homogeneous.  The transport time (filled symbols) is measured at short-
circuit conditions with low charge carrier density and an inhomogeneous 
charge density profile across the film.101     

 
Figure 28: The fitted electron transport time (filled squares) and the electron lifetime 
time (open squares) versus light intensity from a white LED.  

The parallel electron lifetime and transport time constants seen in Figure 28 
supports the empirical observation that the light dependent electron trapping-
detrapping mechanism for electron transport and recombination cancel out 
each other when determining the LD, see Eqs. 7-9. An LD determined from 
the data in Figure 28 would be an underestimation of the true LD, because the 
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transport of electrons at the maximum power point (the most solar cell rele-
vant point) would be faster than at short-circuit.101   

4.3.5 Charge extraction techniques 
Knowing the amount of charge carriers present in a DSC can be important 
when comparing different devices with each other. The amount of trapped 
charge is proportional to the ,∗  and influences also the VOC. One experi-
ment to obtain the amount of charge carriers is to measure the open-circuit 
potential of a DSC device at a specific light intensity and then at the same 
time switch off the light and switch the device from the Voc potential to 
short-circuit condition and measure the flowing current.145 The integrated 
current density over a specific time corresponds to the amount of stored 
charges in the device minus the charges which has recombined during the 
charge collection time.  
Seen in Figure 29 is the plot of open-circuit potential versus the integrated 
charge density of two liquid electrolyte DSC based on TiO2 (filled squares) 
and SnO2 (open squares) working electrodes. The lower Voc seen in Figure 
29 is a direct result of the lower conduction band edge of SnO2 compared to 
TiO2, relative to the redox mediator and the slope of the curve is a measure-
ment of the trap density distribution of the meso-porous network of each 
material.146 

 
Figure 29: The open-circuit potential of a liquid electrolyte DSC device made with 
TiO2 (filled squares) and with SnO2 (open squares) as a function of extracted elec-
tron charge density in the material.  

4.3.6 Impedance spectroscopy (EIS) 
The fundamental understanding of electrical impedance of DSC has pro-
gressed significantly by work of for example Bisquert et al. and covers now 
both liquid electrolytes and solid-state hole transporting materials.118,147-148 
The most advantageous property of EIS is its possibility of resolving each 
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electron process in the operation of the DSC at every light and potential con-
ditions. The biggest drawback of the technique is its large reliance on model 
building and how to assure that an accurate model are being used to fit actual 
measured data. Standard EIS uses sinus modulated voltage probe pulses and 
measures the resulting delayed/impeded current trace, resolved in the fre-
quency domain, through the device under testing. Figure 30a shows the 
transmission line model developed by Bisquert et al. which is currently used 
to fit EIS data from liquid electrolyte DSC.147 

 
 
 
 

 
Figure 30: The transmission line model for liquid electrolyte DSC used for fitting 
EIS data, each separate element is described in the text (left, a). The impedance data 
was measured on a liquid electrolyte DSC made with MP05 and I-/I3

-, in light and at 
Voc, data is shown as circles (right, b). The solid line represents the best fitting of 
impedance data and the inset shows a magnification of the high frequency part. 

Each separate element in Figure 30a represents different resistances and 
charging components of the DSC where RS is the substrate, contact and lead 
resistances of the solar cells. Rt is the transport resistance of electrons 
through the meso-porous TiO2 network, which is in analogy with Eqs. 7 and 
8 and is both light and potential dependent. Cµ is the chemical capacitance of 
the TiO2 material and determines how much charge could be stored in the 
TiO2 at every potential. The Rct is the charge transfer resistance associated 
with recombination of electrons to the electrolyte across the 
TiO2/Dye/electrolyte interface. A high recombination rate of electrons is 
reflected as a low Rct, slow recombination kinetic on the other hand yields 
large Rct. The dependences of the Rt and Rct towards the Cµ are similar to 
each others, where an increase in the Cµ reflects an increase in the ,∗  posi-
tion of the TiO2 yielding both lower Rt and Rct. 
 

a b 
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Figure 30b shows impedance data measured for a liquid electrolyte DSC 
based on the sensitizing dye MP05 and the I-/I3

- redox electrolyte. The solar 
cell, measured at applied potentials and in darkness, shows two semi-circles 
representing the interface between the platinized counter electrode and the 
electrolyte (at low Z’) and the interface between the TiO2 and the electrolyte 
(at high Z’). The diffusion impedance is occurring at lower frequencies than 
measured here (up to 1 Hz) and is subsequently not measured. The interme-
diate part between the two semi-circles, clearly visible in the inset of Figure 
30b, represents the Rt. It is now possible to rewrite Eq 9. to get the electron 
diffusion length as a function of the different impedance resistances, see Eq. 
19. 
    Eq. 19 
4.4 Characterization of solar cell materials 
As well as characterization of complete solar cells, the characterization of 
each individual component is also crucial for the understanding and selection 
of materials for building DSC. This chapter deals with the most important 
characterization techniques which were applied to materials prior to DSC 
assembly.  

4.4.1 Optical measurements (UV-VIS) 
Absorption or transmittance spectroscopy is one of the simplest techniques 
available in a chemistry laboratory but versatile and powerful enough to 
warrant a closer explanation. The transmittance is the ratio of transmitted 
light through the sample and the incident light (Transmittance = I/I0) where I 
is the transmitted light intensity and I0 is the incident light intensity. To accu-
rately determine the amount of absorbed light in a sample it is helpful to 
measure reflectance and absorption in an integrating sphere configuration. 
This approach is especially important when dealing with highly scattering 
samples, as for example with solar cells using scattering layers or reflecting 
contacts. Absorption spectroscopy is also used to determine the extinction 
coefficients of sensitizing dyes and to follow the relative change of oxidation 
as used in Paper V.  

4.4.2 Electrochemistry 
One of the most important characteristics for materials used in electronic 
devices is their electronically active levels. For a working DSC a photo-
oxidized dye need to have a lower energetic level compare to that of the 
reducing species in the electrolyte, or HTM, to be able to be regenerated.149 
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Correspondingly, the photo-excited state of the dye has to have a higher 
energetic level than the conduction band of the TiO2 to be able to inject elec-
trons.150 For example, meso-porous films of TiO2 particles in a redox inac-
tive electrolyte has a conduction band potential of -0.54 V vs. NHE at pH 
7.32,151  
 
These energy levels can be partly accessed through electrochemical meas-
urements where the energy levels of the different materials are evaluated 
with respect to a common reference standard. Electrochemistry is usually 
carried out in a three electrode set-up with a working electrode, a counter 
electrode and a reference electrode for potential control. Current running 
through an electrochemical set up is of two types, either due to charge-
transfer reactions (Faradaic) or due to charging effect (non-Faradaic) cur-
rents.48  
 
One common technique used in electrochemistry is to linearly scan back and 
forth the potential in the electrochemical device and read the resulting cur-
rent. This type of electrochemical measurement is called cyclic voltammetry 
(CV). Due to its simplicity and to obtain information about the electrochem-
ical properties of different systems it is one of the mostly used experimental 
techniques in this thesis. Figure 31 shows a cyclic voltammogram on the 
sensitizer dye MP05 which has been attached to a meso-porous film of TiO2. 
The supporting electrolyte was a solution of 0.1 M LiClO4 in 3-
methoxypropionitrile. The counter electrode was a platinum mesh while the 
reference was a silver/silver chloride electrode. The oxidation potential of 
MP05 was internally calibrated by using ferrocene.      

 
Figure 31: The first oxidation peak of the sensitizing dye MP05 attached on a meso-
porous TiO2 electrode as measured with cyclic voltammetry. The scan rate was 0.1 
Vs-1. 

Electrochemistry could also be combined with absorption spectroscopy to 
measure the absorption spectra of electrochemically oxidized or reduced 
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species.152 An example could be seen in Figure 32 where the absorption of a 
spiro-OMeTAD film was monitored while performing electrochemical 
measurements. The ground state absorption of spiro-OMeTAD has a peak at 
400 nm while oxidized spiro-OMeTAD molecules have a complex absorp-
tion spectra with peaks between 420-770 nm and above 900 nm (see Figure 
18).  

 
Figure 32: Spectroelectrochemistry on pure spiro-OMeTAD deposited on a FTO 
substrate. The changes in absorption of three spectral components were monitored as 
a function of a linear increase in potential, here internally calibrated versus ferro-
cene. 390 nm (black solid), 500 nm (dark gray dashed) and 900 nm (gray dotted). 

From Figure 32 it is apparent that the spiro-OMeTAD oxidation peak at 500 
nm is quite different from the one at 900 nm, indicating a potential differ-
ence of ~ 80 mV between the two species. The negative change in absorption 
at 390 nm corresponds to ground state bleach in spiro-OMeTAD as the oxi-
dation process proceeds.  

4.4.3 Conductivity measurements on IME 
Interdigitated micro-electrodes (IME) are commercially available (ABTECH 
scientific) patterned electrode arrays with well defined narrow electrode 
spacing.153 Spiro-OMeTAD and gold have shown to have negligible contact 
resistance both as a pure and doped material.154 The resistance of pure spiro-
OMeTAD is very high and in order to gain measureable voltage drops across 
an almost isolating resistor, the conduction length has to be very short and 
the cross-section area sufficiently large. The IME supplies both a reproduci-
ble substrate and a narrow conduction path on which the conductivity of 
spiro-OMeTAD can be measured. 
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Figure 33: Electrochemical doping of solid films of spiro-OMeTAD containing 
different concentrations of Li-TFSI salt as measured on a gold plated IME. Pure 
spiro-OMeTAD (triangles), 10 mM Li-TFSI (circles) and 30 mM Li-TFSI (squares) 
measured in ambient air and light conditions.  

Conductivity measurements were carried out on spiro‐OMeTAD deposited 
on gold plated IME which are presented in Paper V. Figure 33, for example, 
shows how the conductivity of spiro‐OMeTAD increases when adding dif-
ferent concentrations of the Li‐TFSI salt but also how the conductivity con-
tinues rising when exposing the spiro‐OMeTAD film to ambient air. 

4.4.3 Carrier mobility using time-of-flight 
A critical property of a solid-state hole transporting material is how well it 
transports charges. According to Eq. 10 in chapter 3.2, this property is de-
termined by both the mobility of the charge carriers and the doping density 
of the material. The amount of charge carriers or holes in spiro-OMeTAD 
can be varied with doping and monitored through absorption spectroscopy as 
seen in the previous chapters. To measure the carrier mobility on the other 
hand requires other techniques. The most common techniques are organic 
field-effects transistors,155 space-charge limited currents,156 doping induced 
conductivity (CELIV),157 and the time-of-flight (ToF) technique.65,106,157-159  
 
In the ToF technique the velocity distribution of photo-generated charge 
carriers is measured as they move through the material of interest. Organic 
semiconductors and polymers have been extensively investigated using ToF 
techniques, where the influence of molecular structure and doping have both 
been shown to influence the carrier mobility.106,108,160-161 The sample geome-
try for ToF measurements usually consists of the material of interest sand-
wiched between two metal contacts of which one needs to be transparent. 
The selection of contact metals also determines if the device set-up measures 
the carrier mobility of holes or electrons. During the operation a potential is 
applied to the transparent electrode while the other contact is grounded 
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through a sensing resistor (Rsens). Charges are generated by a nano-second 
laser pulse, absorbed by either the transporting material or a charge genera-
tion layer (Q). Optimally, the free photo-generated charge should be formed 
as a narrow band in order to avoid ill-defined current transients.   
 

 
 
 
 
 
 
 
 
 
 

Figure 34: A schematic picture of the experimental set-up of a time-of-flight tech-
nique.  

The formed free charge can now move, from contact to contact, in the mate-
rial of interest because an electrical field is developed by the application of a 
potential. It is this electrical field which is the driving force for charge to 
transverse across the sample. Photo-generated charges are collected through 
the measurement circuit where the current produce a measureable voltage 
drop when passing the sensing resistor. The typical experimental set-up can 
be seen in Figure 34, where νcharge is the velocity of the free charge carriers 
and d is the film thickness, usually in the µm range. The charge velocity is 
recorded on an oscilloscope from which the mobility of the material can be 
obtained when knowing the film thickness. 
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5. Results 

Previous chapters have identified the current limitations in both liquid and 
solid-state DSC as well as the necessary background information to interpret 
the results in the following chapter. The aim of this doctorial thesis is to 
increase the understanding of the operating fundamentals of the solid-state 
DSC, and to propose and investigate new ways to overcome limitations in 
the solid-state DSC device. The following subchapters will each deal with 
one paper included into this thesis, introducing the reader to some of the 
most important and interesting findings.  

Figure 35: A schematic representation of the two main problems/limitations associ-
ated with increasing conversion the efficiency in solid-state DSC. Different ap-
proaches were employed to deal with these limitations resulting in Paper I-VI. 

 Core-shell structures for DSC are presented in chapter 5.1 and it is associat-
ed with Paper I, dealing with the low electron lifetime of solid-state DSC 
and how to improve the charge collection efficiency in these devices. The 
next paper investigates the differences in highly efficient liquid and solid-
state DSC with regards to the dye structure and electron lifetime, chapter 5.2 
and Paper II. Paper III, chapter 5.3, on the other hand examines the perylene 
dye molecular structure which is working efficiently in the solid-state DSC 
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configuration but not in the liquid electrolyte system. A new molecular core 
structure was investigated in Paper IV, chapter 5.4 and how these similar 
structures can yield very different device efficiency in solid-state DSC was 
discussed. Paper V, chapter 5.5, deals with the effects of oxygen on the sol-
id-state DSC based on spiro-OMeTAD. The problem with low light absorp-
tion was addressed in the last paper by pioneering a novel device structure 
based on a tandem cell consisting of an evaporated bulk heterojuction solar 
cell on top of a solid-state DSC, see chapter 5.6 and Paper VI. 

5.1 Core-shell structures for DSC (Paper I) 
Solid-state DSC based on spiro-OMeTAD has lower electron lifetimes com-
pared to similar devices having an electrolyte based on the I-/I3

- redox cou-
ple.118 To increase the electron lifetime or to increase the effective electron 
diffusion length it is possible to adopt several approaches, for example to use 
surface protecting additives such as 4-tert-butyl pyridine,162 or different 
phosphonic acids.80-81 Another approach includes research efforts to find new 
metal-oxide materials and geometries to use in the DSC. Since the beginning 
metal oxides like SnO2,

 113,146,163 ZnO,30,164 and Nb2O5 alongside with TiO2 
were employed in DSC.165 These materials have been investigated in various 
geometric structures such as wires,166 tubes,167 and hollow-spheres,168 but 
also as layered forms where one metal oxide is coated on top of another ma-
terial, the core-shell structure.135  
 
Two main approaches can be discerned, using insulating metal oxides as 
barrier layers to reduce recombination or to use two wide band gap semicon-
ductors as core-shell to utilize the separate electronic properties of the mate-
rials.135,168 Core-shell structures for DSC using two wide band gap material 
was first reported in literature by Tennakone et al.169 in 1999 using tin oxide 
and zinc oxide (core-shell). Since then SnO2-TiO2,

135,170 TiO2-ZnO,171 TiO2-
SrTiO3,

172 and other configurations have been reported in literature. Core-
shell structures using an insulating metal oxide includes work done with 
Al2O3,

173 SiO2,
174 MgO,175 ZrO2,

137 and Y2O3.
135 
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Figure 36: J-V curve of a liquid electrolyte DSC based on I-/I3
- and the sensitizer dye 

D35 (left, a) and J-V curve of solid-state DSC based on spiro-OMeTAD (right, b). 
Pure SnO2 electrode (square), SnO2 + 10 cycle TiO2 (circle), SnO2 + 20 cycle TiO2 
(triangles), SnO2 + 30 cycle TiO2 (diamonds) and SnO2 + 40 cycle TiO2 (stars). All 
cells were illuminated with 1000 Wm-2. 

Paper I investigates the application of a meso-porous SnO2-TiO2 core-shell 
structure for liquid and solid-state DSC. The aim is to transfer photo-injected 
electrons from the surface of the shell material to the core material in order 
to avoid electron-hole recombination. The driving force for the electron 
transfer step, between the oxide materials, would be the lower conduction 
band edge of SnO2 compared to TiO2. When the electron has moved into the 
SnO2 core material it is free to move to the FTO contact. For the electron to 
recombine with oxidized species in the electrolyte it has to overcome the 
potential barrier between the ,∗  and the conduction band edge of TiO2. 
This approach might not be appropriate for liquid electrolyte DSC based on 
the I-/I3

- redox electrolyte since for meso-porous network of SnO2 sufficient 
large electron diffusion lengths has been demonstrated.146  
 
The solid-state DSC on the other hand, as well as other redox system, has 
yielded dismal performances using pure SnO2 working electrodes and spiro-
OMeTAD, see black square in Figure 36b. The main reason for the lacklus-
tre performance of solid-state DSC using SnO2 stems from the much lower 
conduction band of SnO2, which is about 0.4 V lower than the conduction 
band of TiO2.

32,146 This lower conduction band edge yield lower open-circuit 
potential as could be seen for the pure SnO2 in Figure 36a and therefore also 
lower efficiency. SnO2 has a higher conduction band mobility than TiO2, a 
property which might yield faster electron transport in meso-porous struc-
tures based on SnO2 compared to TiO2.

163,159 It is noted that the photo-
current for the solid-state DSC with 30 cycles TiO2 ALD coating is very 
high. The reason for this is still unknown and without being able to correlate 
the photo-current density with the integrated IPCE spectra it is not possible 
to rule out excessive photo-currents due to edge effects from improper mask-
ing. 176 

a b 
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Figure 37: Voc decay measurements of liquid electrolyte DSC based on working 
electrodes made from pure SnO2 (black square) and pure TiO2 (open square) as well 
as core-shell structures based on SnO2 + 10 cycle TiO2 (circles), SnO2 + 20 cycle 
TiO2 (triangles), SnO2 + 30 cycle TiO2 (diamonds) and SnO2 + 40 cycle TiO2 (stars). 
All cells were illuminated with 1000 Wm-2 for 10 seconds for charging. Note the 
different scale of the x-axis at the break at 60 seconds. 

Figure 37 illustrate Voc decay measurements performed on liquid electrolyte 
DSC. This technique is using a very similar method as the electron lifetime 
measurement presented in chapter 4.3.3 with the difference that the photo-
voltage decay is measured under darkness with no light modulation. Figure 
37 shows how the decay of the photo-voltage is extended when using SnO2-
TiO2 core-shell structures for liquid electrolyte DSC compared to pure work-
ing electrode materials. This is evidence for electron transfer from the TiO2 
shell to the SnO2 core and that electrons are trapped in the core material un-
der open-circuit condition. When switching the core-shell device from open-
circuit conditions to short-circuit condition the trapped charges are quickly 
collected at the external circuit, showing that the charges present in the SnO2 
core materials are indeed mobile. 
 
In this paper a novel method of producing high quality SnO2-TiO2 core-shell 
structures was presented. Solid-state DSC has a lower electron lifetime com-
pared to liquid electrolyte DSC based on the I-/I3

- redox couple. Increasing 
the electron lifetime is thus a crucial step in improving the device conversion 
efficiency in these types of devices. The electron lifetime in these SnO2-TiO2 
core-shell devices are very long compared to the pure working electrode 
material, which is also reflected in the increase in device performance of 
both solid-state and liquid DSC. 

5.2 Efficient dyes for DSC (Paper II) 
Dye molecules based on triphenylamine donors, thiophene linkers and 2-
cyanoacrylic acid as acceptor-anchoring groups have previously been pre-
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sented by Hagberg et al.177-179 One of the most efficient sensitizing dyes in 
this family is the D35, the molecular structure is shown in Figure 9, which 
has proven to work very efficiently in both liquid electrolyte and solid-state 
DSC. Figure 38 shows the currently best J-V curve of a solid-state DSC 
based on D35 and spiro-OMeTAD with an efficiency of 4.65 % at 1000 Wm-

2.129 

 
Figure 38: The current record efficiency of an optimized solid-state DSC based on 
D35 and spiro-OMeTAD. Figure adapted from reference.129 

D35 was early on chosen to be optimized and used as a benchmarking dye 
for standardizing the performance of solar cell work done in this thesis. Us-
ing a benchmarking dye is important when doing research in the field of 
DSC since small variations in material quality or mistakes during the solar 
cell assembly steps might influence heavily the overall result of an experi-
ment. 
 
The molecular structure of D35 consists broadly of two alkoxy groups sub-
stituted on a triphenylamine unit together with one thiophene linker-
anchoring group. By substituting one alkoxy group with an identical linker-
anchoring group, it is possible to investigate the influence the anchoring 
group has on the dye and on the complete performance of DSC devices. This 
approach has previously been reported to increase both the extinction coeffi-
cient of similar dyes as well as the efficiency.180  
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Figure 39: Electron lifetime as a function of the open-circuit potential in liquid elec-
trolyte DSC based on I-/I3

- (filled symbols) and on DSC based on spiro-OMeTAD 
(open symbols). DSC devices made with D35 (squares) have longer electron lifetime 
at equal VOC compared to M14 (circles). 

The M14 dye and its similarities in molecular structure to D35 can be seen in 
Figure 9. The extended conjugation in M14, which is the result of exchang-
ing one alkoxy group with an additional thiophene linker-anchoring group, 
does indeed increase the extinction coefficient of M14 compared to D35. 
This increase in extinction coefficient from 3.1.104 M-1cm-1 (500 nm) in D35 
to 5.105 M-1cm- 1 (504 nm) in M14 does influence the generated photo-
current density in solid-state DSC devices but not in the liquid electrolyte 
DSC. The reason for this dissimilarity is the difference in thickness of the 
working electrodes used for solid-state (2 µm) and for liquid electrolyte (10 
µm) and thus their LHE. 
 
In both liquid and solid-state DSC D35 outperforms M14 and although the 
difference in efficiency between the dyes are smaller for solid-state than for 
liquid electrolyte DSC the reason for the lower efficiency is the same. Figure 
39 shows the electron lifetime of D35 and M14 in both the liquid electrolyte 
and the solid-state DSC configuration. Comparing the electron lifetime of 
D35 and M14 at equal Voc in liquid electrolyte DSC the devices comprising 
D35 exhibit a 45 times faster electron recombination lifetimes compared to 
the devices comprising M14. A difference in electron lifetime is also meas-
ured between D35 and M14 in the solid‐state configuration but the differ-
ence is much smaller: only a 6 times faster electron recombination was ob-
served for D35 compared to M14. 
 
The reason for the increase in electron recombination seen for M14 com-
pared to D35 is not known. It has previously been proposed that dye mole-
cules including thiophene or pyridine units might coordinate iodine species 
close to the TiO2 surface and therefore increase their chance of capturing 
electrons from the meso-porous TiO2 network.181  
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In this paper two structurally similar dyes, the D35 and M14, were investi-
gated. The M14 dye had two anchoring groups, rendering it a larger extinc-
tion coefficient than D35 but also a lower electron lifetime. The lower elec-
tron lifetime is suspected to lower the Voc and thus preventing M14 to super-
sede D35 in conversion efficiency.  

5.3 A perylene dye in liquid and solid-state DSC (Paper 
III) 
The perylene molecular structure, which consists of two naphthalene units 
joined together at peri-position, is a well known core chromophore. This 
molecular structure has two characteristics which make it a suitable candi-
date to use as a sensitizer core moiety for DSC applications. It has an excel-
lent photo-stability and high extinction coefficient.182-183 Many different var-
iations of this molecular structure have been employed successfully as a 
sensitizer in DSC applications.184-186 The perylene based dye structure 
ID176, see Figure 9, has proven to work efficiently in solid-state DSC based 
on spiro-OMeTAD. Its high extinction coefficient of 2.5.104 M-1cm-1 at 590 
nm and its broad absorption spectra makes it an excellent candidate dye for 
yielding high efficiency DSC. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40: J-V curves using the perylene dye ID176 in solid-state DSC with spiro-
OMeTAD (square) and in liquid electrolyte DSC without (triangles) and with (cir-
cles) the additive 4-tert-butyl pyridine. 

It was rather surprising to discover that ID176 performs less efficient in liq-
uid electrolyte DSC based on the I-/I3

- redox mediator, compared to solid-
state DSC. Figure 40 shows how a solid-state DSC device made from 1.7 
µm thick TiO2 electrodes is more efficient than liquid electrolyte made from 
a working electrode of more than 8 µm thickness. It also shows how the 
short-circuit current in the liquid electrolyte DSC almost ceases when the 
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TiO2 conduction band edge is increased by addition of the solar cell additive 
tBP into the electrolyte.  

Table 2. Solar cell performance data of liquid and solid-state DSC using ID176 

Sample Voc 
/ V Jsc 

/ mA.cm-2 FF 
/ % η 

/ %
Liquid with tBP 0.480 0.40 71 0.14

Liquid without tBP 0.485 6.05 57 1.68
Solid with tBP 0.745 8.90 58 3.81

 
Table 2 above shows the solar cell device data recorded for the DSC in Fig-
ure 40. Similar device results are also reported in paper III, where the diffu-
sion length of electrons in the liquid electrolyte DSC was determined to be 
higher than 9-13.5 µm. Because of this, it was possible to rule out lower 
charge collection efficiency in the liquid electrolyte DSC based on ID176 as 
a reason for the lower short-circuit current seen in these devices. Studies on 
the injection and regeneration dynamic of ID176 utilizing ultra-fast spectros-
copy has been published by Cappel et al.187-189 showing that ID176 was able 
to inject photo-excited electrons into TiO2 in the absence of organic solvents 
but not able when a liquid electrolyte is present, like in the I-/I3

- electrolyte.  
 
In this paper was a new perylene dye, ID176, demonstrated in both liquid 
and solid-state DSC. The perylene dye performed well in solid-state DSC 
but yielded poor efficiencies in liquid electrolyte DSC. It was also found that 
the photo-current density depended on the position of the TiO2 conduction 
band, as varied by electrolyte additives like tBP. 

5.4 Phenoxazine dyes for sDSC (Paper IV) 
Investigating series of organic dye molecules based on a systematic change 
in molecular structure is a powerful strategy to obtain an understanding of 
the structure‐function relationship in complex systems such as the solid‐state 
DSC. The phenoxazine core, as seen in Figure 41, is a well known chromo-
phore which has been used both as a laser dye and staining dye.190-191 Dyes 
based on the phenoxazine core and the structurally very similar phenothia-
zine core have just recently been described to give high conversion efficien-
cies as sensitizer dyes in liquid and solid-state DSC.192-194  
 
The phenoxazine core moiety can easily be modified at the three positions 
seen in Figure 41 yielding the dyes MP03, MP05, MP08 and MP13. These 
dyes have been optimized both for the liquid electrolyte DSC and for the 
solid-state DSC based on spiro-OMeTAD, see Paper IV.194 
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Figure 41: The phenoxazine core structure which has been modified at position R1, 
R2 and R3 to yield the MP-dyes.   

The molecular structures of these dyes are shown in Figure 9 and the synthe-
sis route has been previously described.194 When a dye molecule fulfil the 
basic requirements for a dye to work in DSC devices, such as the right HO-
MO/LUMO energy levels and a high oscillator strength, it is possible to try 
to fine-tune the surface protecting properties of the dye. This is often done 
by introducing alkoxy substituents to the chromophore moiety to reduce the 
contact between the electrolyte and the TiO2 surface, reducing the electron 
recombination.28,41,128,179,192 Looking at the structure of the MP dyes in Figure 
9 the increased substitution of MP05 and MP03 compared to MP13 can be 
noted. The relative low LHE of these dyes, which in Paper IV is reported to 
be 19-29 % between 350-1000 nm, is also addressed by increasing the con-
jugation. In MP08 a furan ring was introduced into the linker group in a suc-
cessful attempt to extend the conjugation and to red-shift the absorption 
spectrum of the dye. 

 
Figure 42: Current density-voltage measurements of solid-state DSC devices based 
on spiro-OMeTAD and measured under 1000 W m-2 (AM1.5G) using MP03 (dia-
monds), MP05 (squares), MP08 (triangles) and MP13 (circles). The dotted curves 
represents the dark J-V.  

The resulting J-V curves of solid-state DSC devices based on the MP-dyes 
and spiro-OMeTAD can be seen in Figure 42. It shows how the photo-
current is proportional with the LHE of the different dyes while the Voc de-
pend both on the electron lifetime rate constant and the change in a chemical 
dipole induced shift of the TiO2 conduction band. 



 72 

In this paper a series of dye molecules based on the phenoxazine core was 
investigated. The electron lifetime and the Voc of solid-state DSC devices 
based on these dyes were found to vary with the degree of substitution. In-
clusion of protecting alkoxy groups on the phenoxazine core moiety in-
creased both the electron lifetime, FF and Voc.  

5.5 Effects of oxygen in sDSC (Paper V) 
Since spiro-OMeTAD was successfully introduced as a hole transporting 
material in solid-state DSC in 1998 device efficiency has increased from 
0.74 % to more than 7 %.27,29 This order‐of‐magnitude increase in efficiency 
has been the result of optimizing the devices and screening new sensitizers 
rather than an increased understanding of the operating mechanisms in the 
solid‐state system. It is generally acknowledged that the lower device effi-
ciency of solid-state DSC based on spiro-OMeTAD derives from a low 
penetration of the HTM into the pores of the meso-porous TiO2 network as 
well as a lower electron lifetime.111 118,123 Studies of this penetration of spiro-
OMeTAD into the meso-porous working electrode, or pore-filling as it is 
generally termed, have just started to draw some quantitative relationships 
between device efficiency and pore-filling.111-110,123,125 The lower electron 
lifetime in solid-state DSC on the other hand is not so well understood. It has 
been proposed that the electron screening in the TiO2 might not work as 
efficient in the solid-state DSC device as it does in liquid high ionic strength 
electrolytes. 118 
 
Early in the development of solid-state DSC a chemical oxidizer was added 
to the spiro-OMeTAD matrix in order to increase the conductivity of the 
HTM.27 This was believed to be necessary due to the high serial resistance of 
pure un-doped spiro-OMeTAD but was later proven wrong by the discovery 
of efficient un-doped solid-state DSC devices.195,28 Regardless if a solid-state 
DSC device is built with a dopant or not they all have the Li-TFSI salt in-
cluded into the spiro-OMeTAD matrix. The Li salt has been described as a 
redox inactive species that increase the conductivity of spiro-OMeTAD by 
increasing its hole mobility.77 As could be seen in Figure 33 the Li-TFSI salt 
does indeed increase the conductivity in a film of spiro-OMeTAD. 
 
It has also been known for quite some time that oxygen plays an integral part 
in the operation of solid-state DSC based on spiro-OMeTAD but the reason 
for this has not been clear.196,128 Paper V investigates the effects ambient 
air/oxygen have on the device performance of solid-state DSC as well as 
exploring the effects gaseous molecules have on pure spiro-OMeTAD.  
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Figure 43: Evolution of the solar cell characteristics of a solid-state DSC device 
without tBP under different air pressures. After the solar cell had stabilized at 1.10-7 
mbar, repeated current-voltage measurements were performed under 860 W m-2 
illumination. The dashed lines indicate when the air pressure was changed: 1.10-7 
mbar (region A), 1.10-3 mbar (B), 1.10+3 mbar (C) and back to 1.10-3 mbar (D).  

Figure 43 shows how differences in ambient air pressure influence the de-
vice performance of a solid-state DSC based on spiro-OMeTAD. Going 
from a low pressure to high pressure leads to an increase in all solar cell 
device parameters and large increases in conversion efficiency. By fitting 
solar cell J-V data to the one-diode model it is possible to obtain additional 
information which can help in narrowing down where the increase in effi-
ciency stems from. Using this method a photo-dependent shunt conductivity, 
a leakage of current from the solar cell was revealed, which shuts down 
when storing the solid-state DSC devices under ambient atmosphere condi-
tions. This storage phenomenon together with a reduction in the serial re-
sistance of the solid-state DSC device rendered the conversion efficiency 
almost 1 percentage higher after storage. The decrease in serial resistance 
could be caused by two different effects: An increase in the number of 
charge carriers in the spiro-OMeTAD as well as an increase in the spiro-
OMeTAD hole mobility when exposing the solar cell to ambient air. 
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Figure 44: Change in absorption at 520 nm of a spiro-OMeTAD film containing Li-
TFSI and tBP when stored under an ambient air atmosphere. Inset: the relation be-
tween absorbance at 520 nm and the conductivity of the film. 

Figure 44 shows how the absorbance of oxidized spiro-OMeTAD, as fol-
lowed by UV-VIS absorption spectroscopy at 520 nm, correlate with the 
conductance of a film of spiro-OMeTAD containing Li-TFSI and measured 
using a IME, as explained in Chapter 4.4.3. These changes in conductivity of 
spiro-OMeTAD with time have never been observed before and are likely to 
be the cause of the increase in device performance observed after storing 
devices under ambient atmosphere conditions for a certain period of time. 
The mechanism for this oxidation is not yet understood and further experi-
ments are needed. The working hypothesis have been and still is that the 
oxidation of spiro-OMeTAD proceeds through a photo-excitation of spiro-
OMeTAD, in which it passes on an electron to either an oxygen or water 
molecule while the oxidized molecule is stabilized by the Li-TFSI salt. 
 
In this paper the effects of ambient air and oxygen on spiro-OMeTAD and 
on a solid-state DSC based on spiro-OMeTAD were investigated. Solar cells 
become significantly more efficient when exposed to ambient air after solar 
cell assembly. This effect was explained by a reduction in serial resistance in 
the solar cell device as well as an increase in the electron recombination 
lifetime, showing that not only preparation methods are important for obtain-
ing efficient solar cells but also the treatment of the devices after assembly.  

5.6 Tandem bulk heterojunction – solid-state DSC 
(Paper VI) 
The general purpose of tandem solar cell is to place two solar cells on top of 
each other, connected in serial, to be able to harvest more light while keep-
ing the area the same. When utilizing two light absorbing materials with 
different band gaps and complementary absorption spectrum it is possible 
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increase the maximum theoretical conversion efficiency of the solar cell 
device beyond the maximum value set by the Shockley-Quiesser limit.114 
Organic tandem solar cell devices have previously been made from all-
solution processed polymers reaching efficiencies of 6 %.197 Evaporated 
small molecular organic solar cells reach even more impressing efficiencies 
of 8.3 %.8  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45: A schematic representation of the complete tandem solar cell based on a 
solid-state DSC made with spiro-OMeTAD and D102 together with an evaporated 
small molecular bulk heterojunction solar cell based on ZnPC and C60. A cross-
section scanning electron microscopy picture shows the individual components of 
the tandem solar cell device. 

Since the two half cells of the tandem solar cells are connected in series they 
should ideally generate the same photo‐current density since the overall cur-
rent‐density will be determined by the worst performing half cell. The pho-
to‐voltages on the other hand should add up. Thus, balancing the photo-
current given by each half cell is one of the most important parameters when 
deciding which half cells to combine and how. The photo-current in each 
half cell is determined by, as for all other solar cells, how many photons 
reach the active area of the solar cell. The difference between the tandem cell 
and a regular single junction device is that the first half cell, or front cell, 
filters all the incoming light which could reach the second half cell, or the 
back cell. This filter effect plays an important role in deciding the optimum 
optical density of the first half cell, which in Paper VI is determined by the 
thickness and extinction coefficient of the dye used for the solid-state DSC. 
Paper VI is the first reported tandem solar cell based on solid-state DSC as 
the first half cell with the evaporation of a small molecular bulk heterojunc-
tion solar cell as the second half cell, the preparation method was previously 
described in chapter 4.1.3. Figure 45 shows a schematic representation of the 
complete tandem cell device with all layers indicated as well as a cross-
section SEM picture where most of the individual layers can be seen. 
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The cross-section picture as seen in Figure 45 clearly shows the different 
components of the solid-state DSC while the different components of the 
BHJ solar cell is less clear mainly because of the relative difference in thick-
ness between the devices. The silver recombination layer can be distin-
guished as a bright thin line on top of the overstanding layer of spiro-
OMeTAD. The purpose of this recombination layer is to act like a catalyst 
for the recombination between electrons generated in the BHJ solar cell and 
holes generated in the solid-state DSC and transported through the spiro-
OMeTAD. Figure 46 shows the outstanding J-V performance of these tan-
dem solar cell devices under 1000 W m-2 illumination, showing both a very 
high photo-voltage as well as retaining photo-current densities around 10 
mA cm-2, similar to the solid-state DSC halfcell. 

 
Figure 46: The J-V characteristics of 6% efficient tandem solar cell based on a solid-
state DSC as first half cell and a small organic molecule evaporated bulk heterojunc-
tion solar cell as the second half cell. 

In the IPCE spectra of these tandem solar cell devices, shown in Paper VI, it 
is apparent that the IPCE value of the BHJ half-cell device is lower when 
incorporated into a tandem device structure, compared to the single device. 
This effect can be explained by a disruption of the internal optical interfer-
ence pattern within the ZnPC:C60 layer, an effect which due to the thickness 
of the BHJ solar cell (~70 nm) can play an integral part.198 
 
In this paper a novel tandem solar cell, based on a solid-state DSC and an 
evaporated BHJ solar cell, was demonstrated. The efficiency of these devic-
es reached a high value of 6 %, opening up a new route to harvest more pho-
tons and to circumvent the limitations of having a single absorber. 
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6. Concluding remarks 

Over the last 10 years or so the conversion efficiency of solid-state DSC has 
increased an order of magnitude. Continuing this increase in the future will 
prove to be more and more elusive, especially if the increase in efficiency is 
not followed by a greater understanding in the operating principals behind 
the DSC. So far the conversion efficiency of solid-state DSC suffers from 
two main drawbacks compared to the liquid electrolyte DSC. Low light ab-
sorption due to limitation in working electrode thickness and low electron 
lifetime, affecting solar cell parameters such as the short-circuit current den-
sity, fill factor and Voc. This doctorial thesis has addressed both these prob-
lems through different technological approaches. For example, the molecular 
structure of the sensitizing dye was evaluated in Paper II and IV where the 
molecular structure is influencing both the electron lifetime and the light 
harvesting capabilities of the solar cell. In Paper I the working electrode 
material was modified to increase the electron lifetime in both the liquid and 
solid-state DSC while Paper VI introduced a novel tandem solid-state solar 
cell concept to extend the light harvesting power of this type of solar cells. 
 
For future work it would be interesting to further explore new hole transport-
ing materials, especially those which can be melt-infiltrated into the meso-
porous TiO2 structure, described by Fredin et al.199 Another question that 
needs to be addressed, at least in my opinion is how the molecular ordering 
and coverage of the sensitizing dye on the TiO2 surface affects the electron 
recombination lifetime. 
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Sammanfattning på svenska 

Inledning 
Människors behov av energi växer för varje år och att fylla detta behov med 
hållbar och miljövänlig energi är en av århundradets viktigaste utmaningar. 
Under 2009 användes det i hela världen ungefär 1.9.104 TWh elektrisk energi 
och hela 80 % av denna energi producerades från icke-förnyelsebara källor.1 
En kombination av ökad efterfrågan av elektricitet och en oro över global 
uppvärmning har drivit på utbyggnaden av förnyelsebara energikällor under 
de senaste åren.2 Till kategorin förnyelsebara energikällor brukar vatten-, 
vind- och vågkraft räknas men även geotermisk- och solenergi. Mogna tek-
niker som vatten- och vindkraft står just nu för den största ökningen i kapa-
citet medan solenergi är den källa som beräknas ha störst utbyggnadskap-
acitet, om och när tekniken blir kostnadseffektiv. För att exemplifiera den 
enorma potential solenergin representerar är det möjligt att göra ett litet räk-
neexempel: Jorden mottar varje dygn i genomsnitt mellan 3-6 kWh per 
kvadratmeter. Om en yta som motsvarar ca 1.4 % av Saharas öken skulle 
täckas med 10 % effektiva solceller så skulle det ensamt producera tillräck-
ligt med elektricitet för att tillgodose hela världens behov. 

Solceller 
Solceller omvandlar den elektromagnetiska energin från solen till användbar 
elektrisk energi. Denna effekt upptäcktes redan 1839 av den franske fysikern 
Edmond Becquerel men det tog över hundra år innan solcellernas egenskap-
er fann ett användningsområde utanför vetenskapen.6 Det var kunnandet från 
transitorindustrin som gjorde att AT&T’s Bell Laboratories på 1950-talets 
började använda halvledarmaterialet kisel för att bygga de första verkligen 
användbara solcellerna.7 De första solcellerna som producerades var väldigt 
dyra och användes främst inom rymdindustrin. Kostnaden för att producera 
solceller som baseras på kisel har minskat men även andra material har bör-
jat användas för att bygga solceller. Kiselsolceller har för närvarande en 
effektivitet på 20-25 % medan gallium-arsenik solceller har en effektivitet 
över 30 %. Tunnfilmssolceller av bland annat kadmium-tellurid kommer upp 
i 17 %.8 Organiska solceller är ett relativt nytt forskningsfält som har ökat 
kraftigt de senaste 20 åren. Organiska solceller byggs av organiska halvle-
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darmaterial där fokuset ofta ligger på att producera billigare solceller än vad 
som är möjligt med oorganiska solceller. 

Fotoelektrokemiska solceller 
En typ av hybridsolcell vars intresse har vuxit mycket de senaste åren är den 
fotoelektrokemiska solcellen eller som den också kallas, färgämnes-
sensiterad solcell (DSC). Denna solcell demonstrerades av Brian O’Regan 
och Michael Grätzel 1991 med en effektivitet på 7 % och har sedan dess 
ökat i effektivitet till mer än 12 %.13,22 Den färgämnes-sensiterade solcellen 
är byggd på n-typ halvledarmaterialet titandioxid (TiO2), ett material som är 
både billigt, kemiskt stabilt och ogiftigt. Av detta material byggs ett meso-
poröst TiO2 skelett upp som måste färgas in med ett färgämne för att kunna 
absorbera solens energi. En reduktions-oxidations elektrolyt som oftast be-
står av jodid och trijodid (I-/I3

-) infiltreras in i den meso-porösa TiO2 elektro-
den, denna elektrolyt är ansvarig för att transportera laddningar mellan mote-
lektroden och det foto-oxiderade färgämnet. Figur 1 visar en schematisk bild 
över hur en färgämnes-sensiterad solcell fungerar och hur den är uppbyggd. 
 

 
Figur 1: En schematisk representation över hur en färgämnes-sensiterad solcell är 
uppbyggd samt de viktigaste energinivåerna som är aktiva i solcellen. 
 
Processen för att generera elektrisk energi från en DSC består i flera steg. I 
Figur 1 ovan representerar S de energinivåerna i färgämnet som är viktiga 
för solcellens funktion. När solens ljus faller in på solcellen genom de ge-
nomskinliga glassubstraten som solcellen byggs upp på, kan fotonerna ab-
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sorberas av färgämnet och en elektron exciteras från grundtillståndet i färg-
ämnet, S, till det exciterade tillståndet, S*.  
 
Det exciterade färgämnet, S*, injicerar en elektron till TiO2 och där med har 
en laddningsseparation skett, en positiv laddning har bildats på färgämnet 
och en negativ laddning har injicerats till TiO2. Färgämnets oxiderade till-
stånd, S+, kan nu genomgå en reduktion genom att ta en elektron från en I- 
molekyl i elektrolyten. Det är potentialskillnaden mellan elektronen som 
befinner sig i TiO2 med den elektrokemiska potentialen av elektrolyten som 
utgör grunden för den fotospänning som en DSC kan ge. Strömmen genere-
ras i solcellen genom att den exciterade elektronen rör sig igenom TiO2 med 
en diffusionsprocess tills den når den externa kontakten som utgörs av det 
ledande glaset (FTO). När kretsen till solcellen är sluten kan elektronen för-
flytta sig från arbetselektroden, över motståndet till motelektroden där den 
kan reducera en I3

- molekylen till I- och därmed är solcellen fullständig. 
 
Effektiviteten av solcellen bestäms genom att multiplicera fotospänningen 
(volt) med fotoströmmen (ampere) som ger effekten (watt). Den avgivande 
elektriska effekten kan nu divideras på den inkommande elektromagnetiska 
effekten och resultatet är solcellens effektivitet i procent. När solcellers ef-
fektivitet är testade under laboratorieförhållanden är det vanligt att ljuskällan 
som används har en intensitet på 1000 W m-2, ett värde som är nära solens 
intensitet en molnfri sommardag. 

Fastfas färgämnes-sensiterade solceller 
Färgämnes-sensiterade solceller som innehåller en vätska som elektrolyt har 
problem med att den kan läcka ut eller förångas. Dessutom har I-/I3

- elektro-
lyten problem med överpotentialer vid reduceringen av färgämnet. Samman-
taget gör dessa problem att ett material i fastfas skulle vara att föredra över 
en vätskeformig elektrolyt. 1998 upptäcktes ett material av Bach et al. som 
uppfyllde kraven för att kunna bygga fastfas DSC.27 Den kemiska strukturen 
hålledaren 2,2’,7,7’,-tetrakis(N,N-di-p-metoxyfenyl-amin)-9,9’,-spirofluoren 
(spiro-OMeTAD) kan ses i Figur 2. 
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Figur 2: Den kemiska strukturen för hålledaren 2,2’,7,7’,-tetrakis(N,N-di-p-
metoxypenyl-amin)-9,9’,-spirofluorene (spiro-OMeTAD). 

Trots att materialet initialt resulterade i ganska dåliga solceller med en effek-
tivitet på 0.7 % så ökade effektiviteten snabbt och ligger för närvarande på 
mer än 7 %.27,29 Diskrepansen i effektiviteten mellan elektrolyt och fastfast 
solceller beror främst på två saker. Fastfas solceller har en betydligt snabbare 
elektron-hål rekombinering än vad en elektrolyt DSC har. Detta gör att foto-
strömmen blir lägre i fastfas solcellerna som också därmed får en lägre ef-
fektivitet. Den andra anledningen är att hålledarmaterialet måste infiltreras in 
i de små porer som utgörs av det meso-porösa TiO2 nätverket.125 För den 
bästa fastfas DSC har den optimala tjockleken av TiO2 filmen experimentellt 
bestämts till ungefär 2 mikrometer (µm), detta kan jämföras med tjocklekar 
på mer än 10 µm för elektrolyt DSC. I denna relativt tunna TiO2 film så ab-
sorberas inte tillräckligt med fotoner och därmed blir fotoströmmen lägre.  
 
Det är i huvudsak dessa två problem som behandlas i denna doktorsavhand-
ling: 
- Hur kan solcellen byggas så att elektron-hål rekombination minskas? 
- Hur kan solcellen byggas för att kunna absorbera flera fotoner? 
 
Till exempel så undersöks i avhandlingens första artikel hur en ny typ av 
arbetselektrod påverkar elektron-hål rekombinationen i både elektrolyt och 
fastfas DSC. I avhandlingens andra, tredje och fjärde artikel så undersöks 
hur olika färgämnesmolekyler fungerar och påverkar funktionen av färgäm-
nes-sensiterade solceller. Artikel fem undersöker en mer fundamental fråga, 
hur fastfas DSC efter tillverkning påverkas av att lagras i en syrerik atmo-
sfär. I den sista artikeln i denna doktorsavhandling presenteras en helt ny typ 
av tandem solcell där en fastfas färgämnes-sensiterad solcell kombineras 
med en förångad organisk solcell. Genom att bygga/kombinera två solceller 
på varandra kan ljusabsorptionen öka och effektiviteten ökade till hela 6 %.     
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