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Abstract 
 
Nissfolk J. 2009 

“Charge Transport Processes in Mesoporous Photoelectrochemical Systems” 

Doctoral Thesis, Royal Institute of Technology, School of Chemical Science and Engineering, 

Department of Chemistry 

 

During the last decade, the dye sensitised solar cell (DSC) has attracted much attention. The 

technology has a potential to act as a new generation of photovoltaic device, it has also 

increased our knowledge within the field of photoelectrochemistry. The materials used in the 

DSC have been used in other technologies, such as electrochromic displays. This thesis 

examines how such systems can be analysed to understand their properties from their 

components. Both of the considered device technologies consist of a thin mesoporous 

semiconductor film immersed in an electrolyte. The study starts by investigating some of the 

fundamental properties of the mesoporous semiconductor and its interface with the 

electrolyte. This gives rise to the charge-voltage relationship for the devices, which is related 

to the chemical capacitance and electronic energy levels for the materials. In particular, 

special attention is given to the DSC and the properties of the charge carriers in the 

semiconductor. For the DSC, several techniques have been developed in order to understand 

the processes of transport and recombination for the charge carriers in the semiconductor film, 

which are vitally important for performance. In this thesis, particular focus is given to light 

modulation techniques and electrical analysis with impedance spectroscopy. The transport 

properties show for both techniques a nonlinear behaviour, which is explained with the 

trapping model. The DSC solar cell is analysed in order to interpret the transport 

measurements for film thickness optimisation. DSC cells with new semiconductor materials, 

such as ZnO, were analysed with impedance measurements to provide new insights into the 

optimisation of the performance of the photoelectrochemical solar cell technology. 
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Abbreviations and symbols 
 

PV photovoltaic 

DSC dye-sensitized solar cell 

C capacitance 

ε  dielectric constant 

0ε  permittivity of free space 

A area 

0E  standard electrode potential 

redoxfE ,  redox Fermi level 

V bias potential 

ic  concentration 

λ  wavelength 

E  energy 

cE  conduction band edge energy 

fE  Fermi level of electrons in the semiconductor 

*

dosm  effective mass 

e  elementary charge 

0T  parameter describing the depth of the trap distribution 

β  symmetry factor 

V bias potential 

F Faradays constant 

FF fill factor 

F(E) Fermi-Dirac distribution 

h Planck’s constant 

�  Dirac constant 

I total current 

scI  short circuit current 

cn  electron concentration in the conduction band 
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tn  electron concentration in the trapped states 

inP  total radiation power on the solar cell 

maxP  maximum electrical output power from the solar cell 

totsR ,  total series resistance 

CER  charge transfer resistance at the counter electrode 

trR  transport resistance 

DR  diffusion resistance 

SR  series resistance from conducting glass 

injη  injection efficiency 

collη  collection efficiency 

absη  absorption efficiency 

IPCE  incident photo conversion efficiency 

oxc  concentration of oxidised species  

redc  concentration of reduced species 

dL  Debye length 

SCφ∆  total band bending 

Bk  Boltzman constant 

T temperature 

dN  density of donors states 

eN  distribution conduction band energy levels 

LN  density of band gap states (trap states) 

cN  effective density of states in conduction band 

0T  distribution of states in band gap (traps) 

C Capacitance 

tC  Chemical capacitance 

0tC  Chemical capacitance at zero bias potential 

totC  Total chemical capacitance 
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2TiOC  TiO2 capacitance 

envioC log  Viologen redox capacitance 

FF  fillfactor 

maxP  maximum power 

ocV  open-circuit voltage 

0D  diffusion coefficient of conduction band electrons 

φ  electrical potential 

F Faraday constant 

R specific gas constant 

ambD  ambipolar diffusion coefficient 

en  concentration of electrons 

nD  diffusion coefficient of electrons 

p  concentration of holes 

pD  diffusion coefficient of holes 

trτ  transport time 

eτ  electron lifetime 

respτ  response time 

D  effective diffusion coefficient for the electrons 

α  absorption coefficient 

d film thickness 

0I  light intensity 

L diffusion length 

0τ  lifetime of conduction band electrons 

0J∆  amplitude of photocurrent 

J∆  photocurrent transient 

totsR ,  total series resistance 

n ideality factor  

LOADR  load resistance 
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totR  total resistance 

CEZ  impedance of counter electrode 

diffusionZ  diffusion impedance 

totZ  total impedance 

WEZ  impedance of working electrode 

CER  charge transfer resistance at counter electrode  

trR  transport resistance 

recR  recombination resistance 

0tR  transport resistance at zero bias voltage 

0R  recombination resistance at zero bias voltage 

recj  recombination current 

0L  effective thickness of the cell 

CEω   characteristic angular frequency of counter electrode 

trω  characteristic angular frequency of electron transport 

recω  characteristic angular frequency of electron recombination 

dω  characteristic angular frequency of ion diffusion 

f frequency 

ω  angular frequency 
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1. Introduction 

 

1.1 Climate change and energy sources 

 

The climate on Earth has been changing for millions of years, affected by many factors. These 

factors include processes that were on Earth long before human activities. Today, electricity 

generation provides about 40 % of humanity’s total energy needs. In doing so, we produce 

more than 10 Gigatonnes of carbon dioxide (CO2) every year.1 Most of the CO2 emissions are 

from the combustion of fossil fuels such as coal, oil and natural gas. CO2 is one of the 

greenhouse gases in our atmosphere which keep the earth warm and habitable, by preventing 

heat from radiating out to the surrounding cold space outside the Earth’s atmosphere. 

However, the amount of greenhouse gases, particularly CO2, being emitted into the 

atmosphere has been increasing and consequently the temperature of the earth has been 

rising.2 This is a probable cause of the melting of ice in the Arctic and Antarctic regions.3 The 

result has been an increase in the average sea level at a rate of 1.8 mm per year between 1961 

and 2003.2 Until now, we have only seen mild effects from global warming. Climate studies 

show that the warmth of the last half century is unusual in comparison to the last 1300 years. 

125 000 years ago, the polar regions were significantly warmer for a longer period and the 

reduction in ice volume led to 4 to 6 m of sea level rise.2 

 

In 2005, on average 2 Terawatts of electricity were generated on Earth.4 To picture one TW is 

not easy. Sizewell B, one of Britain’s largest nuclear power stations, generates about 1.2 

Gigawatts (GW).4 This means that about 1666 of those nuclear power stations would provide 

the Earth’s electricity needs. One nuclear plant could run about 240 modern trains, if each 

train were provided with 5 Megawatts (MW). 5000 microwave ovens, which consume about 

1kW each, would in total consume the same energy as that required to power one train. The 

demand for energy is increasing with the world’s population and way of living. The  

estimated electricity consumption in 2050 is four times greater than today.5 

 

One way of reducing current emissions is simply by capturing and storing the carbon. The 

plan would be to store the CO2 underground. The advantage would be that we could use the 
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current system of burning coal, oil and natural gas and just add the storage. However, the 

apparently simple concept of “just add the storage” is a formidable task. Imagine if all the 

CO2 emissions were to be captured. This would entail a massive handling and transportation 

problem. There would also be serious issues concerning the storage capacity, with associated 

safety concerns, and the risk of leakage would be present.6 

 

There are a wide range of technologies, such as nuclear and solar power, that can produce 

electricity without carbon emissions. In order to meet the current global demand, 

developments of these technologies have to take place. 

  

Nuclear power today supplies 15% of world’s energy, according to the Atomic Energy 

Agency (IAEA). The cost of uranium fuel is relatively low and the reactors can deliver a 

constant and continuous electricity supply. Today’s known resources of uranium at current 

levels of use, will be sufficient for another 80 years. By increasing the efficiency of the usage 

of uranium and finding more uranium reserves, a longer term solution could be provided. 

Nevertheless, accidents associated with the usage of nuclear power electricity generation have 

already happened with disastrous consequences, such as at Chernobyl. Even if nuclear power 

stations could be run safely, it would still be necessary to store the very hazardous waste 

material. An increased usage of nuclear power also exposes modern society to the risk of 

terrorists using the knowledge for other tasks than electricity generation. 

 

The Sun is a free and unlimited source of energy. For over 3 billion years, nature has been 

converting solar photons into chemical fuel. An estimated 100 TW of solar energy enter 

photosynthesis and are used for the production of sugars and starches from water and carbon 

dioxide. The overall conversion efficiency of about 1% to useful energy is, however, too low 

to meet all human energy needs.4 The earth receives about 105 TW of solar power at its 

surface. This is a huge source of energy; harvesting the total solar energy for one hour would 

supply the energy needs of the Earth for one year. There are places on Earth, such as parts of 

the Sahara desert, where 1 GW could be generated using today’s photovoltaic cells in an array 

8 kilometres across. In darkness though, solar cells do not work, which is an unavoidable fact. 

There is therefore a need to store the energy that would be generated when sunlight is present. 

This could be accomplished by combining solar cell electricity generation with hydrogen 

production for use in fuel cells. 

 



  3 

A 2006 study by the German Aerospace Centre proposed that by 2050 Europe could be 

importing 100 GW from solar powered plants in the Middle-East. This would, however, 

require a very substantial change in the infrastructure for delivering electricity. One issue with 

photovoltaic cells is, for some technologies, the use of rare elements that would entail higher 

production costs and problems of limited supply. The cost of using solar power is currently 

too high in comparison to prices for oil and gas. There is therefore a need to find new 

materials for the photovoltaic industry, which are cost-effective and  whose raw materials are 

not in limited supply.2 
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2 Solar cells 

 

 

2.1 The driving force for PV development 

 

The basic principle of photovoltaic (PV) solar cell technology is to transform photon energy 

into electrical energy. This means that a PV device can produce electricity upon illumination. 

The PV effect was discovered by Edmond Becquerel in 1839, in France, at the age of 

nineteen.7 This was the first scientific step towards today’s solar cells. However, for a long 

time, this effect remained only of scientific interest, with very few device applications. In the 

1950s, silicon became the prime semiconductor material and silicon PV devices became 

available. These silicon PV devices were the first commercial solar cells available on the 

market. They became very popular for supplying electrical power to telecommunications 

equipment in remote locations and to satellites. Solar cells at this time were considered to be a 

futuristic technology, mainly due to their high manufacturing costs. Following the oil crisis of 

1973, people became aware of the limitations of fossil fuels. Many governments started at this 

time to plan ambitious programs to search for alternative energy sources, including PV solar 

energy. The search for alternative energy sources was given additional importance by several 

accidents at nuclear power stations, notably those at Three Mile Island (1979) and Chernobyl 

(1986).  Since the beginning of the 1990s, the problem of global warming has taken over as a 

main driving force in promoting the use of alternative energy sources, in particular, PV solar 

energy. 

 

2.2 Fundamental limits to solar energy conversion 

 

Photovoltaic technologies can be divided into three different generations. The first generation, 

which is considered as being conventional, uses high quality silicon crystal photovoltaic 

devices. These are limited by the high cost per generated power. This is normally related to 

the cost in US dollars per peak Watt, with one peak Watt being the maximum rated output of 

a photovoltaic device under standard test conditions. Standard test conditions involve 

illumination by light with a spectrum defined as AM1.5.8 The first generation of photovoltaic 
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devices has a theoretical limit of about 30 %. The maximum efficiency that can be reached 

with the conventional solar cell structure is given by the so-called single material or 

Schockley-Queisser limit.9 At illumination, the electrons in the solar cell material are excited 

with a distribution that reflects the distribution of the incident photon energies from the 

spectrum of the Sun. Before the excited electrons are extracted to an outer circuit to produce 

electricity, these electrons relax down to a common energy transport level, the conduction 

band. This relaxation process is normally referred to as the dethermalisation of the hot 

electrons (electrons excited to high energy levels). Due to the relaxation process, part of the 

solar energy becomes lost as heat. The second limitation is that photons of energy that are less 

than the band gap in a p-n junction are not excited and therefore do not contribute to 

electricity generation. 

 

The second generation technology is still limited by the Schockley-Queisser limit. However, 

it involves low cost and low energy intensity growth techniques, such as vapour deposition 

and electroplating. Such processes can bring costs down, but because of the defects inherent 

in the lower quality processing methods, the efficiencies are usually reduced in comparison to 

those achieved by first generation devices. 

 

Third generation concepts are based on devices that can exceed the Schockley-Queisser limit. 

The physical limit is actually much higher. Considering the Sun as a black body at 5760 K 

and the solar cell (another black body) at 300 K, the Carnot efficiency limit is 95%.10 This 

could only be realised if the electrons were not dethermalised before being extracted. These 

electrons are referred to as hot carriers and if they could be extracted, it would be possible to 

pass the 30% limitation. Multijunction cells are also a possibility, in which a range of 

bandgaps are combined in one cell. With new material developments, it is hoped that this 

limit can also be passed with lower cost nano-materials in third generation photovoltaics11, 

see figure 2.1. 
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Figure 2.1 Efficiency and cost projections for first-, second- and third generation 

photovoltaic technology.
11

 

 

2.3 Solar cell technologies 

 

Silicon solar cells are the most used solar cell technology today. This approach is referred to 

as the first generation solar cell technology. However, there is a high cost associated with 

crystalline silicon solar cells, mainly due to the high energy requirement of the purification 

process for silicon and the low material yield. The market for this type of solar cell is 

connected to building integration and to remote areas where no electrical grid is accessible. 

Their stability and efficiency are excellent but their price is too high for widespread use. 

 

This first generation technology based on silicon wafers is starting to be challenged by 

“second generation” thin-film technologies.12 In this approach, thin layers of a semiconductor 

material are deposited onto a supporting substrate, such as a large sheet of glass. Typically, 

less than a micron thickness of semiconductor material is required, 100–1000 times less than 

the thickness of a silicon wafer.12 Reduced material use with associated reduced costs is a key 

advantage. Another advantage is that the unit of production, instead of being a relatively small 

silicon wafer, becomes much larger, as large, for example, as a conveniently handled sheet of 

glass might be. This reduces manufacturing costs. The future of photovoltaics seems to 

belong to these thin film solar cells, for which the material yield is improved and for which 
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the technology can be manufactured in a continuous process. The main thin film modules are 

based on CdTe, amorphous silicon and Cu(In,Ga)Se2 (CIGS). World records for solar cells 

today are for crystalline silicon 24.7 %, for GaAs (thin film) 24.5% and for CIGS cells 19.2 

%.13 The materials used in these technologies ,however, include rare elements, which could be 

a restriction if PV were to be the main supplier for electricity generation.  

 

Dye-sensitization in photovoltaics had a breakthrough in the early 1990s in the Swiss Federal 

Institute of Technology at Lausanne, Switzerland. By combining a nanostructured electrode 

surface with efficient charge injecting dyes, Professor Grätzel and his co-workers developed a 

dye-sensitised solar cell (DSC) with an energy conversion efficiency exceeding 7% in 199114 

and 10% in 199315. The solar cell is called the dye sensitized nanostructured solar cell (DSC) 

or the Grätzel cell after its inventor. The DSC is another second generation photovoltaic 

technology and has today a solar conversion efficiency of 10.4%.13 This is lower than other 

second generation photovoltaics, but there is still much room for improvement after this 

relative short period of research into DSC technology.  

 

The semiconductor plays a very important part in the DSC and titanium dioxide has become 

the preferred semiconductor. This material has many advantages for sensitized 

photochemistry and photoelectrochemistry: it is cheap, widely available, non-toxic and 

biocompatible, and as such is even used in health-care products, as well as domestic 

applications such as paint pigmentation. Semiconductor materials, such as ZnO, SnO2, Nb2O5 

and In2O3, have also been widely investigated as alternatives. Specifically, zinc oxide has 

received much attention due to its similar band-gap energy and band edge position to that of 

titanium dioxide.16-19 Similarly, dye ruthenium coordination complexes have successfully 

been used. Alternatively, metal-free organic dyes have shown promising results for the 

DSC.15 Recently, the use of non volatile ionic liquids in combination with high efficiency has 

also been accomplished.20 In this thesis, we will describe the function of the DSC from the 

theoretical standpoint and by characterisation techniques. By combining theoretical 

knowledge and measurement techniques, we will understand how to improve the performance 

of DSC technology. 
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3 Semiconductor electrochemistry 

 

In this section, the interface between a semiconductor and an electrolyte is presented, which is 

fundamentally important for understanding this thesis. Firstly, a presentation is made of how 

the structure of the interface defines the relationship between charge and potential. Secondly, 

the possibility of transferring a charge over the interface is discussed. 

 

3.1 Helmholtz capacitance 

 

A negatively charged semiconductor surface will attract positive ions to the surface. We will 

now consider the case in which no electron or hole charge transfer reaction can take place at 

the interface. The separation of oppositely charged species gives rise to a potential difference 

between the semiconductor and the bulk electrolyte. This in turn gives rise to a Helmholtz 

layer, in which oppositely charged species are located at a distance, d, which depends on how 

closely the ions can reach the semiconductor surface. The separation of charges induces an 

electrical potential difference and an electrical field at the interface. The manner in which the 

variation of the separated charges, dq, depends on the potential difference across the interface, 

dV, is related by the capacitance, C. 

C

dq
dV =       (3.1) 

Helmholtz capacitance, C, depends on the area, A, and the distance, d, of the separated 

charges according to 

d

A
C 0εε

=       (3.2) 

ε  is the dielectric constant of the solution at the interface and 0ε is the permittivity of the free 

space. The distance, d, is related to how close to the surface the ions can reach, which is 

related to their size. Large ions therefore have a lower capacitance than smaller ions. At 

separation of one electron with a positive cation, a larger cation will give a larger potential 

difference at the interface, see figure 3.1. 
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Figure 3.1 The potential drop from the Helmholtz layer at a semiconductor-electrolyte 

interface, which depends on the size of the cation, due to the relationship between 

capacitance and ion size. 

 

3.2 Energy levels in the semiconductor and the electrolyte 

 

The semiconductor consists of a valence band and a conduction band with an energy level 

difference defined as the band gap. When the bandgap is much larger than the thermal energy, 

the valence band that is completely filled with electrons, and the conduction band empty, and 

there is no electrical conductivity. Since electrons are fermions, they cannot carry any net 

current in a filled band; electrons can only move to an empty state. A material in which a band 

is only half full with electrons has a very low resistivity and is considered a metal.  

 

Figure 3.2 Energy levels and electron occupation for a metal, an insulator and a 

semiconductor. Red indicates levels occupied by electrons and green unoccupied levels. 
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The Fermi-level for electrons in the semiconductor is determined by the density of the 

conduction band electrons , Cn , and the a effective density of conduction band states CN . 

The distribution of states in the conduction band is 

32

2/12/3* )()(2
)(

�π
cdos

e

EEm
EN

−
=     (3.3) 

where E is the energy of the state, Ec the conduction band edge energy and m*dos the effective 

mass. By filling these states according to the Pauli principle, i.e. without considering any 

additional interactions, such as repulsion, between the electrons, the lowest free energy is 

given from the Fermi-Dirac function. The Fermi-level, Ef, is defined from the Fermi-Dirac 

distribution, i.e. non interacting particles in a distribution Ne(E) of energy levels, equation 3.4. 

( )[ ]TkEE
Ef

Bf /exp1

1
)(

−+
=     (3.4) 

The density of the conduction band electrons is defined by the integration of the product of 

3.3 and 3.4 

( )[ ]��
∞∞

−+

−
==

cc E Bf

cdos

E

ec dE
TkEE

EEm
dEEfENn

/exp1

)()(2
)()(

2/1

32

2/3*

�π
 (3.5) 

For low densities, the unity in the Fermi function can be ignored, which gives equation 3.6 

Tk

EE

Cc
B

cF

eNn

−

=      (3.6) 

where CN  is the effective density of states.21  

��
�

�
��
�

�
+=

C

C
BCf

N

n
TkEE ln     (3.7) 

The Fermi level in the redox electrolyte is defined ,for ideal solutions, by the relation between 

the concentration of oxidised (Ox) and reduced species (Red). Consider a simple redox 

reaction: 

deOx Re⇔+ −
 

The Nernst equation relates the Fermi level of the redox electrolyte, redoxfE , , with its reduced 

, redc , and oxidised, oxc , species in solution, given a standard electrode potential, 0E  .21,22 

��
�

�
��
�

�
+=

red

ox
Bredoxf

c

c
TkEE ln0,     (3.8) 
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The difference in Fermi level between the semiconductor and the redox electrolyte is then 

related to a potential difference. This potential is referred as the bias potential, V. 

e

EE
V

redoxff ,−
=      (3.9) 

Note that the conventions in physics for the semiconductor and for the electrochemistry in the 

redox electrolyte are quite different. The energy scale in physics is normally related to the 

vacuum level in electron volt, eV. In electrochemistry the potential, V, is related to a certain 

reference, such as normal hydrogen electrode, NHE.  

 

Figure 3.3 The energy and potential scale which relates to the vacuum and normal hydrogen 

electrode (NHE) potentials, respectively. A semiconductor (TiO2) and a redox electrolyte       

(I
-
/I3

-
) used in the DSC has been used as an example, which indicates energy levels in the 

materials and their Fermi levels. 

 

The bias potential is in electrochemistry normally known as the over potential. Potential 

would normally be written with the letter E, though this could confuse the electrochemist, 

especially given that the Nernst equation in equation 3.8 is written in terms of energy and not 

potential. In this thesis, the Fermi level is used to describe the redox energy for the redox 

couple. 

 

This bias potential is the thermodynamic driving force for electrons to have a net flux at the 

interface between the materials. The DSC that has a semiconductor-electrolyte interface will 

attain the photo-voltage from this electrochemical potential difference. At equilibrium, the 

electrochemical potential for electrons in the semiconductor and the electrolyte is zero, V=0, 

and there is no net flux of charge carriers at the interface. In the dye sensitised solar-cell, the 

redox level for the electrolyte , redoxfE , , can be assumed to be constant when the Fermi-level 
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changes. This assumption can be made because of the high molar concentration of the 

electrolyte. The bias potential, V, will then directly relate to the Fermi-level for the electron in 

the semiconductor.  

 

3.3 Charge transfer at the semiconductor-electrolyte interface 

 

Processes involving charge transfer across the semiconductor-electrolyte interface are 

Faradaic processes. A Faradaic process is an oxidation or a reduction reaction of redox 

species in the electrolyte which gives rise to an anodic (oxidation) and a cathodic (reduction) 

current respectively. This should be distinguished from the non-Faradaic processes, such as 

the charging of the Helmholtz layer. A current flows in both cases, but only in the Faradaic 

case does a chemical reaction occur at the interface that involves a charge transfer between 

the semiconductor and the electrolyte. The driving force for the charge net flow at the 

semiconductor-electrolyte interface is the difference in Fermi level, fE  and redoxfE ,  

respectively. A Fermi level or electrochemical potential difference V at the interface will 

drive the reaction in either direction. A charge transfer process is normally described with the 

Butler-Volmer expression. The Butler-Volmer relation describes how the current over the 

interface depends on the overpotential (or bias potential V) at the interface.22 

�
�

�

�

�
�

�

�
−=−=

−
−

V
Tk

e
V

Tk

e

redoxct
BB eejjjj

ββ )1(

0    (3.10) 

At the equilibrium potential, V=0, no net current, 0=ctj , is flowing because the current from 

the reduction and from the oxidation is equal, 0jjj oxox == . At high bias potentials, V, the 

current is dominated by the reduction or oxidation current and Butler-Volmer is simplified, 

e.g. for reduction, as 

V
Tk

e

redct
Bejjj

β
−

−=−= 0     (3.11) 

The latter form is commonly denoted in electrochemistry as the “Tafel equation”. In 

semiconductor electrochemistry for the DSC, it has been proposed that the recombination 

kinetics between the semiconductor and the redox electrolyte are transferred at the conduction 

band with a first order reaction with the electrolyte. The rate constant for the recombination is 
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then one over the electron lifetime 
0

1

τ
 and, in combination with 3.6, we have the 

recombination current: 

Tk

EE

Cc
ct

B

cF

e
Nn

j

−

==
00 ττ

     (3.12) 

 This is of course a simplified picture of the recombination, in which only conduction band 

electrons are assumed to recombine with a first-order reaction for the conduction band 

electron concentration. The flux from the recombination current is here described in terms of 

conduction band electrons and the Fermi-level. In the case of the Fermi-level description, 

equation 3.12 is related to the Butler-Volmer description for metal electrodes, equation 3.11. 

  

3.4 Band bending 

 

The Fermi-level of electrons in the n-doped semiconductor and the redox potential in the 

solution are identical at equilibrium between the semiconductor and the electrolyte. The n-

doped material has electrons in the conduction band that could be transferred to the electrolyte 

by diffusion. By doing so, an electrical field is built up at the semiconductor-electrolyte 

interface, which prevents the further transfer of electrons to the electrolyte. The region of the 

electrical field is called the depletion layer. The energy of the electrons close to the 

semiconductor-electrolyte contact is affected by the electrical field in the depletion layer. The 

closer to the contact, the stronger is the effect. Therefore, the energy levels for the conduction 

band and for the valence band are bent in the depletion region and hence we use the word 

“band bending”. At a certain Fermi level, Ef, there is no depletion layer and therefore no band 

bending occurs. This potential is defined as the flat-band potential. The capacitance of the 

space-charge layer is defined by the Mott-Schottky relationship for a flat electrode.21  

 

For nanometer size particles, there would normally be too short a distance within the particle 

for the depletion to build up. For mesoporous semiconductors, a constant potential within the 

particle is therefore assumed. The potential distribution for a spherical particle was first 

solved by Albery & Bartlett.23 The total band bending for small particles is thus estimated by 
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where e is the electron charge and LD is the Debye length, 
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where 0ε  is the permitivity of the free space and ε  is the dielectric constant of the 

semiconductor, and the density of the donors is ND. The potential for porous semiconductors, 

with nanometer size particles, is therefore assumed to be the constant potential within the 

particle.24 In materials with a high degree of doping, such as porous ZnO and SnO, the low 

dielectric constant can give interesting phenomena for the capacitance dependence on the 

potential, see paper VI. For both ZnO and SnO, a linear dependence of capacitance with 

potential has been seen, which indicates that band bending can occur in mesoporous materials 

in which the permittivity is low and the donor density, ND , is high. For ZnO, a band bending 

of 0.5 V has been calculated.19 This value seems to explain the observed shifts between 

transport measurements for ZnO based DSC in comparison to TiO2, paper VI. 

 

 

Figure 3.4 Band bending and the depletion layer for two n-type semiconductor particles, with 

two different particle sizes, in contact with an electrolyte. For small particles, the band 

bending can normally be neglected.
24 

 

3.5 Chemical capacitance 

 

Generally, semiconductors have a conduction band which is separated from the valence band 

by a bandgap energy. Porous semiconductor electrodes immersed in an electrolyte have 
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,however, different properties. A common finding in nanostructured TiO2 is an exponential 

distribution of states within the bandgap.25,26 
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where the conduction band is produced by an overlap of energy levels pertaining to electron 

flow. Energy levels below the conduction band in the band gap are considered to be trap 

states, in which electrons are non-mobile until they are thermally excited to the conduction 

band level.27 If electrons are occupying these energy levels without additional interaction, 

then following the Pauli principle, the distribution of electrons is defined by the Fermi-Dirac 

distribution, equation 3.4. The electrochemical capacitance , µC , is related to the change in the 

occupation of the electrons with a Fermi level change 

fdE
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eC =µ       (3.16) 

The chemical capacitance for the traps , tC , is then a function of applied bias V 
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This can be used for analysing the energy levels of devices using porous semiconductor 

electrodes immersed in an electrolyte. For example, electrochromic devices were obtained by 

anchoring viologen molecules to the TiO2 surface, Paper I. The capacitance was measured for 

a bare TiO2 electrode, which as expected showed an exponential dependence on potential. 

When additional redox molecules are attached to the surface of the electrochromic device, an 

additional capacitance is measured, Paper I. For a redox molecule attached at the surface, the 

electrochemical potential is defined by the Nernst equation, see equation 3.8. The chemical 

capacitance resulting from the viologen molecules, envioC log
28, is 
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where x is the fraction of the reduced form of the viologen molecules. The total capacitance of 

the TiO2 film with viologen is the sum of these individual capacitances 

envioTiOtot CCC log2
+=      (3.18) 

The total capacitance is seen in figure 3.5 for viologen attached to the TiO2 surface.  
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Figure 3.5 Capacitance of a bare TiO2 electrode (1) and of viologen attached to TiO2 (2), 

obtained by impedance spectroscopy, paper I.   

 

When extracting a charge from the semiconductor electrode, the total charge, Q, is measured. 

The relation between charge and potential follows from the expression of capacitance 

�=
V

tot dVVCVQ
0

')'()(      (3.19) 

Both chemical capacitance and extracted charge change when the conduction band edge , CE , 

is shifted. By comparing capacitance or extracted charge versus voltage for two 

semiconductors, the relative shifts of the conduction band level can be estimated, paper II. 
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4 Materials and design of the DSC 

 

The dye sensitized solar-cell (DSC) is composed of two electrodes, the working (WE) and the 

counter electrode (CE). The working electrode consists of a dye-sensitized mesoporous 

semiconductor attached to a conducting substrate. The conducting substrate is usually a plate 

of glass coated with a thin layer of transparent conducting oxide (TCO-layer). The TCO-layer 

is usually fluorine doped tin oxide (F:SnO2) or indium tin oxide (ITO). The counter electrode 

also consists of a glass plate with a TCO-layer covered with a catalytic layer of platinum (Pt). 

The void between the electrodes is filled with a redox electrolyte, usually a mixture of iodine 

and iodide in an organic solvent. See picture 4.1 for typical dimensions and a graphical 

representation of the DCS. 

 

The mesoporous film is created by sintering or pressing semiconducting nanoparticles onto 

the conducting substrate. TiO2 is the most common material, but other semiconductor 

materials have also been used, such as ZnO and SnO2. The film thickness is typically 5 to 30 

µm, and the porous structure of the film has an internal area which is 102-104 times larger than 

the projected cell area. The porosity of the mesoporous film, which is the volume fraction not 

occupied by the semiconductor, is typically 50-70 %. 

 

Due to the large bandgap energy of the semiconductors TiO2 (~3.2 eV), ZnO and SnO2, they 

only absorb light in the UV region of the solar spectrum. To increase the efficiency by the 

absorption of more light, the mesoporous film is sensitized with a dye. The sensitization 

ideally creates a monolayer of dye attached to the semiconductor surface. Today, the most 

widely used dyes are based on inorganic ruthenium compounds, such as N719 and the black 

dye. Organic dyes, such as D5 and D149, have displayed efficient light harvesting and are 

promising due to their shorter and simpler synthesis route. 

 

The electrolyte contains a redox couple, counterions, additives and a solvent. Hole conductors 

and ionic liquids have been introduced because of the solvent evaporation problem for liquid 

type electrolyte cells. The most common redox couple is I3
-/I-, which has also shown the best 

performance so far. To improve the efficiency, additives have been used, such as 4-tert-

butylpyridine (4TBP), 1-methylbenzimidazole and guanidium thiocyanate. 
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Figure 4.1 The materials and dimensions of the DSC composed by the working (WE) and 

counter electrode (CE). 

 

4.1 The operation of the DSC 

 

The process involved in transforming photon energy to electrical energy involves several 

steps. The operation of a photovoltaic cell can generally be described by three steps 

 

1. Light absorption 

2. Charge separation 

3. Charge collection 

 

In the DSC, light is absorbed by the dye and an electron is excited in the dye. An injection of 

the excited electron from the dye into the semiconductor can take place, or it can directly 

recombine back to the ground state. After a successful injection, the charge separation has 

taken place; the oxidised dye is positively charged and the semiconductor is negatively 

charged. The reduced species of the redox couple (I-) in the electrolyte will then regenerate 

the oxidised dye (D+). For the reduction of the oxidised dye, a constant supply of new reduced 

species is needed. The electrons in the semiconductor are now transported through the 

mesoporous network and are collected at the conducting substrate. During their movement to 

the conducting substrate, the electrons can undergo recombination with the oxidised species in 
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the redox electrolyte or with oxidised dye molecules. At the counter electrode, the reduction 

of oxidised redox species takes place. A concentration gradient between the working and the 

counter electrodes is established such that redox molecules (I-/I3
-) are transported between the 

working and the counter electrodes. 

 

Figure 4.2 The DSC in operation generating electrical power. The electrons indicated with a 

grey colour have a higher potential than the electrons in green. 

 

4.2 Processes in the DSC related to cell efficiency 

 

 

There are several processes that can affect and limit the performance of the DSC. The 

absorption of light is the first step. In this, the dye layer is to absorb as many photons as 

possible from the solar spectrum, with a given absorption spectrum of the dye; this is related 

to the absorption efficiency. The absorption efficiency is defined by the extinction coefficient, 

the concentration of the dye and the thickness of the film. The second step is an efficient 

electron injection before the excited dye relaxes to its ground state or recombines with 

electrons in the semiconductor or the redox couple; the injection efficiency. This is given by 

the driving force in free energy and the orbital overlap between the donor state of the dye and 

the acceptor state of the TiO2 surface. The dye is oxidised after the electron injection and a 

charge separation is thereby achieved. This results in a potential difference. In order for the 

dye to be able to absorb further photons and excite another electron, the initial reduced state 

of the dye molecule has to be regenerated. A limitation in the rate of regeneration, which 
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would increase recombination reactions and therefore decrease the photocurrent, can be 

caused by several factors, such as the slow diffusion of redox species from the working to the 

counter electrode, the kinetic process at the Pt counter electrode and the regeneration kinetics 

from the redox species. After the injection of electrons into the semiconductor film, the 

electrons need to be collected efficiently at the conducting glass. In this process, there is a 

competition between the transport of the charge carriers to the TCO and the recombination of 

electrons to the electrolyte. The conduction band electrons are mobile and can be trapped in 

the semiconductor material due to defects or impurities. In the trapping model, there is an 

exchange of electrons between the conduction band level and the traps, see figure 4.3. The 

assumption is normally that trapped electrons cannot recombine with the electrolyte redox 

species and will therefore neither decrease nor increase the cell efficiency.  

 

Figure 4.3 The processes at one semiconductor particle (with two neighbouring particles) for 

the DSC in operation. 

 

The efficiency of collecting electrons at the TCO contact is called the charge-collection 

efficiency, which is related to the diffusion coefficient D and the electron lifetime, eτ . A poor 

charge collection efficiency limits the photocurrent from the DSC. To summarise, there are 

processes in the DSC with different time constants, see figure 4.4. These processes compete 

and together have an impact on the overall efficiency of the cell. 
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Figure 4.4 The dynamics of the processes in the DSC. The only process that needs to slow 

down in order to increase the performance is the electron recombination.
29

 

 

There are several processes occurring in the DSC which are required for the solar cell to 

operate. These processes have a certain level of efficiency. The wanted processes need an 

electrochemical potential difference in order to drive the photocurrent. Ultimately, the 

electrochemical difference could be very small and still be able to deliver a high photocurrent. 

In figure 4.5, different steps are shown which may introduce a loss in the overall 

photopotential during the operation of the DSC. The first of these processes (process nr 1) is 

the chemical reaction at the counter electrode 
−−− →+ IeI 323 . This shows a Butler-Volmer 

behaviour, in which a high photocurrent introduces a higher overpotential at the counter 

electrode. The redox Fermi levels at the counter electrode and the working electrode deviate 

because of the diffusion of the redox electrolyte between the working and the counter 

electrodes. The regeneration process depends on the redox Fermi level and the HOMO level 

of the dye. The regeneration of the dye occurs by the following chemical reaction 

DIID +→+ −−+
3

2

1

2

3
 which is driven by the electrochemical difference between the redox 

electrolyte and the oxidised state level of the dye. This process has been addressed as a major 

factor for the internal loss of about 0.5 V in potential.30 The Fermi level in the semiconductor 

depends on the loss of charges through recombination reactions from electrons in the 

semiconductor to the oxidised species in the electrolyte: 
−−− →+ IeI 323 . For optimal cell 

performance, the current density should be minimal for the recombination and maximum for 

counter electrode and regeneration reactions. The rate for the reactions for each process 

depends on the overpotential at each interface. The electron recombination process from the 

semiconductor to the electrolyte is the only process in which a high over potential is wanted 

with a minimal leakage of current. As regards other processes, an overpotential at the counter 
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electrode will decrease the cell performance, and the conducting glass substrates contributes 

to an additional over potential by its resistivity. 

 

 

Figure 4.5 The DSC in operation includes several processes 1-5. Each process induces a loss 

in the photopotential. The over-potential from all processes depends on the current flowing in 

the system. The potentials in the solar cell and the processes where losses occur from the over 

potentials are shown (1-5). V is the potential between the working and the counter electrode. 

The redox potentials at the working and the counter electrodes are separated due to the 

diffusion limitation, process 2. Process nr 5 represents the IR drop through the conducting 

glass at the WE and CE electrodes. Vmax is the maximum photopotential that the system can 

achieve from the dye. 
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5 Characterisation methods of the DSC 

 

There are a wide range of techniques available to study the properties and performance of the 

DSC. Some of these most relevant techniques are presented in this chapter.  

 

5.1 IV-measurement 

 

The most common and important technique for solar cells is to measure the IV-curve. The 

aim is to record the performance of the solar cell under standardised sunlight conditions. The 

standard illumination is AM1.5, which is the spectrum of sunlight that has travelled 1.5 times 

the thickness of the atmosphere.8 From the IV-curve, we can calculate the efficiency of the 

solar cell. This is performed by reading the steady-state photocurrent and the photovoltage 

during the variation of an electronic external load that is connected to the cell. This is usually 

performed for the range between short-circuit (zero load) and open-circuit (infinite load), see 

figure 5.1. At the application of the potential, the applied load on the solar cell is controlled 

and thereby the recorded photocurrent. The applied potential is changed in steps or 

continuously scanned and the corresponding photocurrent is registered. The recorded voltage 

versus current values are intended to be steady state values; too fast scan rates can result in 

unwanted photocurrent transients.  The output power from the solar cell is photocurrent times 

the applied voltage. At short-circuit and open-circuit the output power is zero, which is the 

case in which no external work can be performed. At a potential between short-circuit and 

open circuit potentials, a maximum output power will appear, see figure 5.1.  
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Figure 5.1 The IV curve is normally measured between short circuit (zero load and power) 

and open circuit voltage (infinite load and zero power). In between these points the maximum 

power point is found. 

 

The maximum output power is compared to the power of the incident light. The ratio between 

them gives the efficiency of the solar cell, the conversion of solar energy to electrical energy. 

Another factor usually calculated that provides further information about the shape of the IV 

curve is the fill factor, defined by 

ocscVJ

P
FF max=      (5.1) 

This factor indicates how rectangular shaped the IV curve is. Low fill factors are usually due 

to high series resistance and the IV curve is more triangular shaped than rectangular. 

 

5.2 IPCE-measurement 

 

The IPCE measurement is performed in order to analyse the efficiency of a solar cell’s 

conversion of light with a specific wavelength to a photocurrent. This can be performed under 

monochromatic light in which the photocurrent is measured for each wavelength. The 

measurement can also be performed under white bias illumination, with the monochromatic 

light being modulated. The latter will induce a modulation in the photocurrent, the amplitude 

of which can be detected by a lock-in amplifier. This is particularly important when the solar 
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cell does not behave linearly with light intensity. The amplitude of the photocurrent signal is 

compared with the power of the monochromatic light in order to calculate the photocurrent 

conversion efficiency. Generally, the IPCE can be expressed as the product of the 

absorption, absη , injection, injη , and collection efficiencies, collη . 

collinjabsIPCE ηηη=      (5.2) 

Experimentally, this involves the incident light intensity of power, P, with wavelength, λ, 

which will create a photocurrent, Jsc. They are related to IPCE by 
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In this thesis, we will specially examine processes which affect the collection efficiency of the 

solar cell. 

 

5.3 Lifetime measurement 

 

Lifetime measurement is performed in order to analyse the recombination process in the DSC. 

This can be performed by applying a small light intensity modulation under a bias 

illumination. The photovoltage response is measured upon the square wave light modulation. 

The amplitude and response time of the photovoltage transient is calculated. The response 

time is attributed to the electron lifetime of the system. The electron lifetime is highly 

dependent on the bias illumination level and therefore on the open circuit voltage. This has 

been explained by the trapping model in which the rate of recombination depends on the 

number of conduction band electrons. At an increased bias light intensity, the photovoltage 

and the number of the conduction band electrons available are increased. Since the number of 

the conduction band electrons changes exponentially with the photovoltage, the lifetime also 

depends exponentially on it. By performing this measurement galvanostatically, the lifetime 

can be followed along the IV curve, see paper V. The change in lifetime is related to how the 

Fermi level changes along the IV curve and intensity of the light. 
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Figure 5.2 Lifetime measurement of a DSC solar cell. Series 1 is for the open-circuit 

condition at seven light intensities. Series 2-4 are for three light intensities, with series 2 

having the highest light intensity. Interestingly, the lifetimes recorded at open-circuit voltage 

deviate from the data recorded along the IV-curve, with this deviation being greater at higher 

intensities. 

 

5.4 Transport time measurement 

 

A transport measurement is performed in order to analyse the conduction of electrons in the 

porous semiconductor. The measurement is performed during a modulation of the light under 

a bias light condition and while recording the photocurrent response. Normally, the 

measurement is performed for the short circuit condition. The perturbation has been 

performed with a frequency resolved method, intensity modulated photocurrent spectroscopy, 

IMPS.31,32 The modulation has also been successfully performed with a square wave 

modulation, see paper V. The photocurrent responses for both methods are analysed to 

estimate a transport time. The amplitude of the response for both methods is related to the 

IPCE of the cell. Normally, only one time constant is seen and this is related to the transport 

time. From the transport time, the diffusion coefficient can be calculated from the film 

thickness, d.33 
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Figure 5.3 The photocurrent response to a small-amplitude square waveform perturbation. 

From the exponential rise and decay, a transport time can be estimated with a time constant 

of 10 ms, see paper V.  

 

The transport time is highly dependent on the light intensity and the charge density. This 

behaviour leads to a transport time that is power law dependent on the short circuit, just like 

in the case of the lifetime measurement. By combining the transport measurement with the 

lifetime measurements, the diffusion length of the DSC can be estimated. This is calculated 

from the thickness of the film and the time constant from the recombination and the transport 

processes. This is an approximation though, in which transport and recombination are not 

measured under the same condition. The short circuit condition has a low electron 

concentration with a maximum gradient, while the open-circuit has a maximum electron 

concentration and a minimum gradient. From the perspective of electron concentration, this 

estimation provides a minimum diffusion length, and its use could therefore be justified. 
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Figure 5.3 Transport time and lifetime measurement versus short circuit current (Isc). 

Lifetime is longer than transport time. Here diffusion length is approximately constant, which 

we refer to as an ideal cell. The slope ( 1/ 0 −TT ) for the cell is determined by the trap 

distribution factor 3.0/ 0 ≈TT  and diffusion length defined by the ratio of the transport and 

lifetime . 

 

5.5 Impedance measurements of the DSC 

 

EIS stands for electrochemical impedance spectroscopy and it has successfully been used to 

analyse processes in the DSC.34-41 It involves the application of a potential sine waveform and 

recording the electrical current response. Upon the perturbation of the potential, charge 

carriers move in the material of the solar cell and charge transfer processes occur. When the 

frequency response from each process is separable, the effect from each process on the 

performance of the cell can be quantified. The model used to characterise the impedance data 

is normally described with equivalent circuits or differential equations. Impedance 

measurements on the DSC are performed in order to analyse the electrical properties, such as 

the charge transfer at the counter electrode with the redox electrolyte, the recombination 

reaction at the semiconductor-electrolyte interface, the transport of electrons through the 

semiconductor, the series resistance of the conducting glass substrate and the diffusion of 

redox species between the working and the counter electrodes. It is of great importance to 
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quantify all of these processes in order to understand their impact on the solar cell conversion 

efficiency. 

  

The counter electrode, for example, can have an impact on the short circuit current that is due 

to poor regeneration.41 The study of ionic liquids can reveal the impact on the IV curve that is 

due to the slow ionic diffusion.35 With impedance, it is possible to study the band shift, 

transport and recombination processes of charge carriers in the semiconductor with different 

electrolytes.34 Impedance can be compared for different semiconductors, such as ZnO, see 

paper VI. The impedance measurement can be performed in the dark and in the light, with and 

without the presence of the dye. The working and counter electrodes of the solar cell can also 

be analysed separately in a three-electrode setup, see paper VI. The manner in which the 

method is used can provide a very flexible solution for the analysis of the solar cell. One 

drawback is that the time constants of the processes can coincide and so they cannot be 

separated. Because the time constants for the various processes change with applied potential 

and illumination, it is not possible to separate all the elements as a function of the applied 

potential and illumination intensity. There is a certain potential window within which each 

process can be seen for a given light intensity. Overall, it can be said that the total impedance 

of the system is directly correlated to the IV measurement. If each process can be separated 

and thereby their contribution to the total impedance, the effect that each component has on 

the IV curve, and therefore on the DSC photovoltaic performance, can be clarified.35 

 

 

5.6 Charge extraction 

 

By extracting the charge carriers from the film, the relationship can be found between charge 

and potential in the cell. The Fermi level, Ef, of the electrons in the TiO2 is classically 

described by eq 3.7. As a consequence, the potential depends on the number of conduction 

band electrons, nC. The number of charges extracted in the charge extraction measurement is a 

measure of the conduction band and trapped electrons, for which there is a power law 

dependence between the trapped and the conduction band electrons. The conduction band 

edge, CE , is dependent on the surface charge. By using four different ions, Li+,Na+,K+ and 

Cs+, we can see a strong effect on the charge-voltage relationship, see figure 5.4. This is 
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normally seen as a conduction band shift, in which the conduction band is shifted in the order 

of the sizes of the ions, Li+>Na+>K+ > Cs+, paper II. The extracted charge versus the open 

circuit potential showed an exponential behaviour, but with a linear term. This could result 

from the fact that the latter arises from the Helmholtz layer capacitance at the semiconductor-

electrolyte interface. It is of great importance to be aware of this when fitting the Q-V data; an 

erroneous trap distribution value (T/T0) can be extracted if the constant capacitance C is not 

considered, see equation 5.5. 
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0      (5.5) 

 

Figure 5.4 The extracted charge as a function of the open circuit voltage, Voc, performed for 

DSC with four cations that show a potential shift between them. 

 

The charge-voltage relationship is important not only for revealing the energy levels in the 

materials, but also for comparing the transport and lifetime data between different cells. The 

electrolyte, as we have seen, can shift the potential of the conduction band edge. It is known 

that the transport and lifetime are dependent on the potential which depends on the charge at 

the semiconductor surface. If the electrolyte only shifted the energy levels in the TiO2, then 

both the lifetime and the transport time would be shifted in equal amounts. The charge 

collection efficiency in such a case would not be affected. However, the shift will affect the 
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photovoltage, 42 as well as the injection efficiency from the dye, which depends on the energy 

matching between the LUMO of the dye and the semiconductor conduction band edge.  

 

6 Charge transport in the DSC 

 

The charge transport process in the DSC has been studied since its breakthrough in the 1990s. 

A diffusion model was developed in order to understand the behaviour of the DSC.43 The 

concept underlying this model is that the electrons are moving with the counter ions in a 

“neutral package” and that there are no long distance electrical fields. The concentration of 

the counter ions affects the diffusion of the electrons.44 The interaction between ions and 

electrons gives rise to the ambipolar diffusion coefficient of the electrons.45 The diffusion of 

electrons in a mesoporous network, taking into account the available space for the conduction 

of electrons and ions for the level of porosity, has been simulated, see paper III. The 

dependence on the electron diffusion coefficient is highly dependent on light intensity and this 

effect was first seen by Cao et al.33 Small amplitude modulation methods, such as Intensity-

modulated photocurrent spectroscopy (IMPS)31,32,46-49 and transient photocurrent 

measurements44,50, have been used to study the properties of the electron transport. 

Conductivity measurements have been performed in redox-inactive electrolytes.51 Electrical 

impedance spectroscopy (EIS), both in the dark and under illumination, has been used to 

measure the properties of charge transport, see paper VI.36,52 The transport time under 

illumination along the IV curve has been investigated for various bias light intensities, see 

paper V.53 Charge transport measurements have also been conducted under open-circuit 

conditions by the transient voltage rise method.54 All the methods show that the effective 

diffusion coefficient is highly dependent on the charge carrier density, i.e. the Fermi-level. 

The Fermi-level, and therefore the charge carrier density, can be tuned either by the applied 

electrical bias or the optical bias light intensity. 
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Figure 6.1 The diffusion of electrons depends on the concentration of electrons in the 

semiconductor and the counter ions in the electrolyte. 

 

The charge carriers were, as mentioned above, first proposed to be described by a diffusion 

process.43 The diffusion coefficient of the electrons in the mesoporous TiO2 film permeated 

with an electrolyte shows a 2-3 order of magnitude lower conductivity than for the crystalline 

TiO2 material. The reason for this is still unclear; it has been proposed that the mesoporous 

film has states within the band gap called traps that will lower the measured diffusion 

coefficient. The electrolyte composition and the morphology of the film have also been shown 

to influence the transport of electrons.  

 

The diffusion process gives rise to a net flux of the diffusing species, described by Fick’s first 

law. In the DSC, the gradient of conduction band electrons with a conduction band diffusion 

coefficient is written as  

cnDJ ∇−= 0      (6.1) 

The effective diffusion coefficient has been shown to depend on the electrolyte composition. 

The ions in the electrolyte will electrostatically interact with the electrons in the 

semiconductor and therefore affect the diffusion of electrons. To describe this, an additional 

term is needed for the flux of electrons, in which the gradient of electrostatic potential , φ∇ , 

affects the flux.  

φ∇+∇−= CC nD
RT

F
nDJ 00     (6.2) 

There is a relationship between the diffusion coefficient of the charge-compensating cations 

in the electrolyte and the diffusion of electrons in the semiconductor. A faster diffusing ion 

also gives rise to a faster diffusion of the electrons. There seems to be a coupling between the 
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positively charged ion and the electrons, creating a neutral pair in which the electron has an 

effective diffusion coefficient. This is a description of the ambipolar diffusion that results in 

the ambipolar diffusion coefficient. With the density of electrons, en , the density of holes 

(cations for DSC), p , the diffusion coefficient of the holes, pD , and the diffusion coefficient 

of the electrons, nD , we have an ambipolar diffusion coefficient ambD .55 

npe

e

amb
DpDn

n
D

// +
=      (6.3) 

Electroneutrality will be held, which results in an effective ambipolar diffusion coefficient. 

When for the density of holes, ne >> p, the ambipolar diffusion coefficient equals the 

diffusion coefficient of the electrons.  

The electron transport is dependent on the charge concentration, i.e. the light intensity, a fact 

confirmed from several measurement methods. The model proposed by Bisquert to explain 

these observations is the trapping model.56,57 The chemical capacitance dependence on the 

applied potential and the charge voltage relationship show a relationship that supports the 

proposal that there are electronic states in a wide exponential distribution below the 

conduction band.57 The trapping model is based on the assumption that electrons are situated 

in the conduction band, that they are mobile and that they contribute to the flux of the current. 

Electrons from the conduction band can be trapped at energy levels in the band gap region 

where they are non mobile. The trapped electrons can be thermally activated back to the 

conduction band and again be in the mobile state. The exchange of trapped to conduction 

band electrons provides an effective diffusion coefficient for the electrons. In the quasi-static 

formulation, i.e. when electrons in the trapped and conduction bands are in equilibrium at a 

location in the film, but not necessarily between different locations in the film, the measured 

electron diffusion coefficient is56 
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Because the concentration of the conduction band electrons is linearly dependent on the short 

circuit current, we obtain the following relationship, see paper IV.  

1/ 0 −∝ TT

sctr Jτ      (6.5) 

The transport time is therefore highly dependent on the illumination bias, i.e. the short circuit 

current. In many cases, the lifetime follows the transport time with its power law dependence. 



  34 

The diffusion length is therefore independent of electron concentration and light intensity, see 

equation 6.6.56 

 00ττ DDL e ==      (6.6) 

This is assuming that both recombination and transport only take place in the conduction 

band, which we refer to as an ideal cell. If recombination through the trap states occurs, this 

statement will not be true. Under ideal conditions, the traps would neither contribute to nor 

decrease the efficiency of the solar cell. However, the existence of traps does affect the 

response when using the small modulation techniques (electrical impedance, transport time, 

lifetime and charge extraction measurement) and they are therefore important to understand. 

In comparing transport time for short circuit with lifetime for open circuit, there is normally a 

diffusion length that is either independent or weakly dependent on light intensity. Here both 

life and transport times, measured at open and short circuit, respectively, have a power law 

dependence on the charge density. However, the transport times obtained, in a potentiostatic 

measurement, showed a different relationship, where the response time did not follow the 

expected charge density dependence, paper V. A lower diffusion length was found at a higher 

light intensity at the maximum power point. The reason for this is not fully understood. An 

effect of the RC limitation is present in the system, but it seems to be another factor that slows 

down the extraction of the charge carriers at higher light intensities for the maximum power 

point. 

 

The porosity and particle size have been shown to have an impact on the effective diffusion 

coefficient.58 The influence on the film morphology has been studied by Benkstein et al.59 

This was performed by simulating the diffusion of electrons in a film morphology consisting 

of a random structure of interconnected spherical particles. The finding was that the effective 

diffusion coefficient scales with a power law dependence on the porosity, with a threshold 

porosity, Pc, which is the porosity at which no conduction in the film can occur. By increasing 

the porosity, the conductivity is decreased, mostly because of an increase in the number of 

dead ends. For a porosity of 50%, it was shown that the average coordination number is 4.2. 

 

The contact area of the connection between two individual nanoparticles has also an effect on 

the effective diffusion coefficient. The overlap between the nanoparticles is directly related to 

the porosity of the film. In paper III, we have specifically looked at this dependence. 

Simulations were performed of the diffusion process for ions and electrons, as a function of 
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porosity. The simulation box is the space in which the simulated particles are situated and 

with repetitive boundary conditions the electrons and ions can diffuse in an infinitely large 

space. The simulation of ions and electrons was performed with Brownian dynamics. This 

simulation method has successfully been used to simulate the diffusion coefficient of ions and 

macromolecules in which both diffusion and electrostatic interactions between the charged 

species are included.60,61 The electrostatic forces between the charged species have not been 

included, i.e electron-electron, ion-ion and electron-ion interaction. The electrons were 

confined to move within the porous network inside the nanoparticles and the ions in the space 

between the nanoparticles. The simulations were performed in a 6- and a 4-coordinated cell. 

In this case, 4-coordinated signifies that one particle is connected to 4 other particles, which 

can be regarded as the most realistic case for the DSC, in which porosity is normally close to 

50%.59 The quotient between the bulk and effective diffusion coefficients was calculated for 

ions and electrons as a function of porosity. At a porosity of 50%, the effective diffusion 

coefficient would be expected to be about 50% lower than the bulk diffusion. The ion 

diffusion coefficient would then be about 35% lower than the bulk diffusion coefficient. 

 

This restriction does not explain the low conductivity behaviour of the charge carriers in the 

semiconductor. The advantage though of the Brownian dynamic simulation method is that an 

additional electrostatic force acting between the charged species can be included. This would 

show how the interaction between the ions and electrons affects the diffusion of charge 

carriers. However, it is still unclear whether there are additional interactions, apart from the 

diffusion and electrostatic interactions, and whether they could explain the physics behind the 

trapping model.  

  

6.1 Transport time as a function of film thickness 

 

In the transport measurements in which a step function in light intensity is applied, a 

photocurrent transient is measured. The photocurrent transient consists of a fast and a slow 

transient, see paper V. The transport time is calculated from the slow photocurrent transient 

part, which gives a response time, respτ , which optimally will equal the transport time, trτ , 

see paper V. The transport time from the pure diffusion model will then be related to a 

diffusion coefficient by, paper IV 
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At high recombination, the response times, respτ , is not the correct transport time, and a 

correction is needed for the electron lifetime, eτ 33 

treresp τττ

111
+=      (6.8) 

The life and transport time determine the charge collection efficiency. This forms the 

diffusion length, which determines how far the electrons can travel before being recombined. 

The diffusion length ,L, needs to be longer than the film thickness in order to have a good 

collection efficiency. The steady state current is from the diffusion model described by 
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where ncb is the charge carrier density and 0τ  being lifetime of the conduction band electrons. 

The steady state short circuit current is for WE illumination43 
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and for CE illumination43 
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These results are depicted in figure 6.1 for two wavelengths and two diffusion lengths. 
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Figure 6.1 For two diffusion lengths, L, IPCE as a function of the filmthickness was 

numerically calculated for counter and working electrode illumination. The IPCE from 

working electrode illumination is higher than that from counter electrode illumination. The 

diffusion model was used with an absorption coefficient ,α, of 2x10
5
m

-1
. 

  

 

Figure 6.2 Measured short circuit current values from a range of film thicknesses. Green 

LED light was used with counter and working electrode illumination. 

 

The photocurrent response for thicker film deviates from that for the single exponential decay. 

This is due to the distribution of charge carriers in the film. There are more electrons close to 

the charge-collecting substrate in the thicker film than in the thinner film; these produce a 

faster initial decay, see figure 6.3.   



  38 

      

 

Figure 6.3 Experimental and simulated data (diffusion model) which shows the dependence 

on film thickness. 

 

The response depends on the thickness of the film in relation to the absorption coefficient of 

the light. This can be described by the diffusion model, see simulation results in figure 6.3. 

 

When performing the small-amplitude measurement techniques that are resolved in the time 

or frequency domains, additional effects have to be considered that affect the measured 

diffusion coefficient of charge carriers. From the trapping model, a power-law dependence on 

the transport time vs the short-circuit current would be expected. 

  

 

Figure 6.4 log-log plot of transport times vs the short circuit current for two DSCs with 

different film thicknesses, showing the power law dependence, supporting the trap model.  
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The light intensity dependence has been explained by the trapping-detrapping mechanism of 

the transport. Comparing transport times for different film thicknesses is not a trivial activity. 

The comparison is often done by normalizing the short circuit current.  

 

Figure 6.5 Response time as a function of film thickness for counter and working electrode 

illumination, compared at the same short circuit current. 

 

By performing this normalisation, there will not be a square dependence on the film thickness, 

which was expected from equation 6.7. When comparing the transport times for different film 

thicknesses with a constant short circuit current the Fermi level will not be held constant. In 

addition, the recombination has a stronger effect on thicker films than on thinner films. This 

gives a faster response for thicker films than expected. The measurements show that the 

transport time versus thickness scales more or less linearly, see figure 6.5. The counter 

electrode illumination shows a faster time constant, which is due to the higher degree of 

recombination and the more non-uniform charge profile through the mesoporous electrode for 

counter electrode illumination. 
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7 Impedance of the DSC 

 

The IV measurement is the most fundamental measurement in which the performance of the 

device is revealed. The IV curve answers the question of how good the performance is, but it 

gives very limited information about why. The IV curve has been fitted to the diode model in 

order to extract more information. This has been used for silicon solar cells (p-n junction) and 

also as a solar cell model for dye sensitised solar cells, with one or more diodes in the 

model.62-64 The simplest one-diode model for a solar cell is presented here, see figure 7.1.  
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where current, I, for an applied bias voltage, V, is given. Rs,tot and n are the series resistance 

and the ideality factor of the diode. In the diffusion model for the DSC, the diffusion length 

determines Isc and I0.
43 

 

Figure 7.1 Equivalent circuit for a photovoltaic cell. Isc is the light induced photocurrent. Rs is 

the series resistance, V the output voltage, I the output current and RLOAD a resistive load. 

 

In order to make a good fit of the parameters in the diode equation, it is assumed that the DSC 

follows a perfect diode behaviour. If not, it may be of value to perform the fitting and extract 

reliable parameters. Even if the total series resistance is constant from such fitting we cannot 

distinguish from where its originates directly. Here we will use the impedance measurement 

to analyse the DSC, a technique in which the slope of the IV-curve, 
dV

VdI )(
, is measured. This 

produces impedance measurements that are directly related to the current voltage 
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characteristics (IV-curve) of the solar cell. This is due to the fact that the slope of the IV 

curve, 
dV

VdI )(
, is related to the total impedance of the cell, totR  , by equation 7.2. 

totRdV

VdI 1)(
=      (7.2) 

The resistance of the solar cell changes with potential. The current voltage characteristics can 

be expressed by equation 7.3, 

'
)'(

1
)( dV

VR
VI

V

V tot
oc

�=      (7.3) 

The strength of the technique is that it can be performed with and without the presence of 

illumination at any applied potential. 

 

 

Figure 7.2 IV data from illumination and in the dark measured on DSC with TiO2, an organic 

dye and I3
-
/I

-
 electrolyte. Nyquist plot of impedance data to the right, measured at the open-

circuit potential were the characteristic frequencies are given for some of the processes in the 

DSC. 

 

The total impedance consists of the sum of the impedances from each of the elements in the 

solar cell. There are contributions from the working electrode, the counter electrode and the 

material transport between the electrodes. The total impedance of the working electrode, WEZ , 

the counter electrode, CEZ , and the diffusion of ions in the electrolyte (or holes for solid state 

devices), diffusionZ , is described by 

diffusionCEWEtot ZZZZ ++=     (7.4) 
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At steady state, i.e. at the low frequency limit, the total impedance equals the total dc-

resistance, totR  , see equation 7.5.  

drec
tr

CEstot RR
R

RRR ++++=
3

    (7.5) 

The resistances are defined by the equivalent circuit in figure 7.2, paper VI. CER  is the 

charge transfer resistance of the reduction of redox species (I3
- to I-) at the counter electrode. 

The transport resistance, trR , originates from the conduction of electrons through the 

semiconductor film. The resistance for the recombination, recR , is a charge-transfer process 

between the semiconductor and the electrolyte. Redox species in solution (or holes in a hole 

conductor) diffuse between the working and counter electrodes and give rise to a diffusion 

resistance, dR . The series resistance, sR  , is from the conduction through the conducting 

glass at the working and counter electrodes of the cell. These parameters change along the IV 

curve and define its shape, see equation 7.3. 

 

 

The diffusion of electrons in the semiconductor with a diffusion coefficient, D, and a 

lifetime, eτ , is described by the diffusion equation. With an appropriate boundary condition 

and using the Fick’s law for diffusion, the solution is obtained for the impedance52,65  
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The characteristic angular frequency for diffusion is 
µ

ω
CRL

D

t

tr

1
2

== . The lifetime is given 

from the angular frequency 
e

rec
τ

ω
1

= . The angular frequencies, ω, are correlated to the 

frequency, f, in Hz by ω = 2πf. The diffusion process from impedance data can usually be 

determined in the dark, see figure 7.3.  
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Figure 7.3 Impedance measurement performed in the dark, in which the transmission line 

was seen at -0.425 V, where the slope of the IV-curve is small, hence the total resistance very 

high. 

 

The differential equation for diffusion and recombination can also be analogously described 

by a transmission line model, consisting of resistors and capacitors, see figure 7.5. Under the 

condition of lower recombination resistance than transport resistance, the impedance of the 

transmission line simplifies at low frequencies to65 
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The parameters in the transmission line model, the resistances and the characteristic times for 

recombination and transport, change with potential. The transport resistance follows an 

exponential behaviour explained by the trapping model, in which applied bias increases the 

concentration of charges and lowers the measured resistance for the transport process.52 
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The charge transfer process from the recombination process, recR , is also of importance. The 

charge transfer resistance depends on the potential from the Butler-Volmer relationship as36 
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== 0      (7.9) 

Consequently, transport and recombination resistances follow the Fermi level, i.e. the 

concentration of electrons in the film. This is only true if the electrolyte redox level is held 

constant while changing the bias potential V. When light is introduced, the recombination 

increases compared to the dark measurements, figure 7.4. 
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Figure 7.4 Impedance measurements with a constant potential with and without illumination. 

The recombination changes even if the potential is held constant in the film. This indicates 

that the light induces an additional effect on the recombination process. 

 

The second charge transfer process which would normally be detected is the charge transfer 

process at the counter electrode, which is related to the reduction of the redox couple in the 

electrolyte, CER . This would also follow the Butler-Volmer relationship in which the 

resistance, CER , increases with an increase in the flux of electrons at the counter electrode. 

 

The impedance from the diffusion of ions is mainly determined by the diffusion of the redox 

species between the counter and working electrodes, which is well described by the Nernst 

diffusion impedance37 
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where Rd is the diffusion resistance and the angular frequency isω . The characteristic 

frequency , dω , is given by 2

0L

D
d =ω , where D is the diffusion coefficient and L0 is the 

effective thickness of the cell.35 The diffusion resistance is in the low frequency region of the 

impedance spectra. 
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Figure 7.5 Equivalent circuit model of the DSC, consisting of a transmission line which 

includes recombination and the transport resistance of the mesoporous semiconductor. 

 

In the impedance measurement, a range of frequencies are scanned through, typically 100 kHz 

to 10 mHz. There are four frequencies that are particularly important for the DSC impedance 

spectra, which are given by the characteristic frequencies and time constants for each process. 

The RC-time 
CEω

1
 for the counter electrode is related to the time constant of charge transfer 

at the electrolyte Pt counter electrode interface. The transit time for the charge carrier 

transport in the semiconductor is 
trω

1
. The lifetime of the electrons, which is related to the 

recombination process, has a time constant 
recω

1
. The characteristic time for ion diffusion 

is dω . When these frequencies are well separated, drectrCE ωωωω <<<<<<  , it is possible 

to characterise each element, to calculate its corresponding dc-resistance and thereby the 

contribution from each element to the IV curve, see figure 7.6.    



  46 

 

Figure 7.6 The Nyqvist plot of the transmission line model of the DSC. The following 

parameters were used: Rs = 70 Ω, RCE=25 Ω, Rtr=300 Ω, Rrec=500 Ω and Rd=50 Ω. Four 

characteristic angular frequencies are given by ωCE = 34.6x10
3
 s

-1
, ωtr = 194 s

-1
 ,  

ωrec = 3.2 s
-1

 and ωd = 0.5 s
-1

. The capacitances for the counter and working electrodes are 

CCE = 1 µF, CWE = 100 µF.   

 

The selected illumination level and potential determine the response of the elements of the 

solar cell, see figure 7.7.  

 

Figure 7.7 The dc – resistances of the elements in the DSC, which will vary with light 

intensity and applied potential. 
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At open-circuit potential and illumination, it is possible in most cases to identify the counter 

electrode recombination resistance and diffusion resistance, see paper VI. Performing the 

impedance measurement in the dark is the easiest way to extract the transport properties of the 

cell. The recombination in this case is minimal without the presence of light, and transport 

and recombination can be well separated with respect to their time constants. The diffusion 

resistance of ions is mostly observed at high light intensities and with low viscosity 

electrolytes, such as ionic liquids. 

 

7.1 Impedance results for ZnO based DSC 

 

Low fill factors have generally been reported for ZnO based DSC; most efficiency values are 

reported at low light intensities in order to achieve a higher fill factor.18,19,66 This may indicate 

the presence of a high series resistance in the system whose origin has been poorly 

understood. 

 

Figure 7.7 IV measurements of ZnO based DSC at different light intensities showing a low fill 

factor for 1 sun illumination (AM1.5). 

 

To find the reason of the low fill factor, impedance measurements have been performed on 

complete two-electrode sandwich-type cells based on ZnO. The ZnO film has also been 

analysed on its own in a three-electrode setup, see paper VI. 

 

To improve the performance of the solar cell, it is necessary to lower the total series 

resistance, which is Rs,tot = Rs+ RCE + Rd. This particularly affects the fill factor of the solar 
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cell. The fill factor can be assessed by studying the slope of the IV-curve at the open circuit 

voltage, as this has a strong influence on the shape of the IV curve. A good fill factor is given 

if the slope of the IV curve is very steep at the open-circuit potential. To achieve a steep IV 

curve for the open-circuit voltage, the total series resistance should be minimal. This becomes 

especially important when the photocurrents are high, at high light intensities. The ZnO based 

DSC has been measured by impedance. The low fill factor was found to be related to the high 

charge transfer resistance at the counter electrode, see figure 7.8.  

 

 

Figure 7.8 Impedance measured at four light intensities at open circuit potential, The 

semicircle with a characteristic frequency of 470 Hz is independent on light intensity. This is 

from the charge transfer at the counter electrode, which has a high resistance 92 Ω. 

 

The ZnO film was measured in a three electrode setup as well, in order to avoid the 

contribution of the counter electrode. The resistance at the FTO-ZnO interface was not found 

to contribute to the total series resistance from the three electrode experiment.  
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Figure 7.9 Nyquist plot from the ZnO electrode measured in a 3 electrode setup. No contact 

resistance between the conducting substrate and the ZnO film was found. The graph shows 

clearly the transport of electrons in the film and its dependence on the potential. 

 

Two-electrode sandwich-type cells were made without the presence of the dye and were 

measured by impedance. The counter electrode showed again a rise in the counter electrode 

resistance and it was concluded that even without the dye, the counter electrode resistance 

was high. The application of a high negative potential showed an increase in the counter 

electrode resistance, which indicates that the process is connected to the degradation of the 

working electrode.  

 

The transport and recombination resistances both showed an exponential dependence on the 

applied potential. This was expected from the experience of performing the measurement with 

TiO2. According to the trapping model, the exponential dependence should also be seen for 

the capacitance vs potential curve, but surprisingly a linear relationship was found. It is 

unclear how the trapping model would explain such behaviour. ZnO has a lower dielectric 

constant than TiO2. This fact, in combination with a high degree of doping, increases the 

chance of band bending in the particle. Linear behaviour has been observed for porous SnO2 

electrodes in which doping degree and band bending were used to explain the behaviour. The 

space charge layer width changed with the potential and thereby the capacitance of the film 

would depend on the potential in a linear manner.  

 

Another interesting behaviour is that charge transport was observed at more positive 

potentials than are normally seen for TiO2 electrodes. This might initially be considered as a 

band shift. However, from the open-circuit (Voc) data, this does not seem to be the case. The 
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energy levels at which transport and recombination take place seem to be at two different 

levels. This could be due to the band bending effect, in which electrons would have an energy 

barrier, preventing their transport to the surface through the space charge layer and therefore 

they would be protected from the redox electrolyte. The transport of electrons would occur 

further away from the surface, where the conduction band edge would be lower and therefore 

transport would occur at more positive potentials.   

 

Figure 7.10 The transport and recombination are found at quite different potentials in ZnO, 

in comparison to the TiO2 based DSC. This seems to be caused by a band bending in the 

particle. 

 

The diffusion length, L, is defined by the charge transfer resistance for recombination and 

transport resistance by the efficiency by which the injected electrons are collected at the 

conducting substrate, see equation 7.11. 

tr

ct

R

R
dL =       (7.11) 

To achieve a high charge-carrier collection efficiency, the diffusion length needs to be larger 

than the film thickness, L>d. The diffusion length for the DSC was found to be excellent for 

the ZnO based DSC, about 200 µm. However, ZnO showed chemical instability in the 

iodide/triiodide redox electrolyte. The counter electrode resistance was shown to be very high 

and increased when a negative bias was applied to the cell. This indicates that modification of 

the working electrode occurred after charging the mesoporous electrode, which also affected 

the counter electrode. This could be due to changes in the porous structure of the ZnO film or 

chemical interactions of the dissolved ZnO with the counter electrode. In conclusion, ZnO 

based DSC shows a very promising charge carrier collection efficiency, but an increase in the 

chemical stability of the ZnO would give the system a more promising future, see paper VI.  
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7.2 Concluding remarks 

 

At present, solar cells are too expensive to manufacture to be able to compete with the 

existing fossil fuel driven electricity generation. New types of thin film solar cells, the second 

generation, have recently shown promising efficiency and stability. However, the future for 

these as a long term solution is uncertain, since their manufacture needs a clean production 

environment and some rare elements are being used. The materials in the DSC are promising, 

considering these two facts. Nevertheless, the efficiency and stability of the DSC have not yet 

been able to compete with those of the thin film techniques. But with further development, the 

finding of niche applications for the DSC is possible. By using the materials from the DSC, 

other applications can also be found, such as for the display industry, Paper I. 

 

When combining several nanomaterials in the DSC, many interfaces are formed. At those 

interfaces, transfer of electrons and the transport of charge carriers take place. The properties 

of those interfaces will contribute to the efficiency of the DSC. It is therefore very important 

to have a fundamental understanding how the interaction between these materials works. By 

simulation methods one can evaluate what properties one would expect from the interaction of 

the materials, paper II. Several measurement techniques have been presented to show how 

these can be used as tools for optimising and understanding the DSC (Paper III-VI). By 

combining these measurement techniques, the effects from each component of the solar cell 

can be studied. However, due to its complexity, it is necessary to examine the interaction of 

all the elements in the solar cell as well. With the help of solid models, measurement 

techniques and material engineering, the DSC technology has great potential for 

improvement.  
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8 Sammanfattning på svenska 

 

Av den el som levereras till hushållen idag är ca 80 % från förbränning av fossila bränslen. 

Den ökade växthuseffekten tror man beror på den ökade användningen av fossila bränslen 

som ökar mängden koldioxid i atmosfären. Växthusgaser gör att jorden behåller sin värme 

och är bebolig. Men när mängden växthusgaser ökar värms jorden upp vilket kan få till följd 

att isar smälter i polerna och vattennivåer höjs. Denna debatt har fått till följd att utvecklingen 

av alternativa energikällor som inte släpper ut koldioxid utvecklas. 

 

Den här avhandlingen fokuserar på solljus som energikälla. Om vi skulle kunna ta till vara på 

den energi som solen strålar på jordens yta under en timme skulle vi tillgogose hela jordens 

energiförbrukning under ett helt år.  Att omvandla solljus till elektrisk energi har sin början på 

1830-talet då Becquerel observerade den fotoelektriska effekten. 1905 förklarades den 

fotoelektriska effekten av Einstein som han senare fick Nobelpris för 1920. Det var inte förrän 

på 1950-talet som solceller tog fart efter att halvledarforskningen kommit igång. Det som 

främst drev fram utvecklingen var användningen av solpaneler på platser som inte hade 

tillgång till elektricitet som t.ex. satelliter i rymden. Under oljekrisen på 1970-talet blev sol 

energi mer intressant som ett alternativ till oljan. Vidare under 1990 och 2000-talet har 

debatten om växthus effekten och risker med andra energi källor som kärnkraft fått solcellen 

att bli ett mer attraktivt energi alternativ. 

 

En solcell omvandlar solenergi till elektrisk ström. Det finns flera principer att omvandla 

solenergi till elektrisk ström. Den vanligaste metoden är användningen utav halvledarmaterial 

som t.ex. kisel. Detta är teknologin man utvecklade på 50-talet och över 95% av de 

kommersiella solcellerna idag görs av kisel. Verkningsgraden varierar från 7% upp till 24% 

beroende på kvalitén i använd kisel och tillverkningsprocessens kvalité. Direkt beläggning av 

kiselpulver på glassubstrat ger billigare celler med relativt låg verkningsgrad. Kristallin kisel 

tillverkad i renrum har betydligt bättre verkningsgrad (över 20%) men är betydligt dyrare att 

framställa. Det är därför svårt för solceller baserade på kiselteknologin att konkurerara med 

dagens oljepriser. 

 

Den jämförbara prisuppgiften för solcellen är produktionskostnad per watt. Pris per watt är 

priset per producerad elektrisk effekt vid maximalt solsken. Den maximala effekt som 
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tillverkaren anger är baserad på en solintensitet av 1000 W/m2. Denna siffra är medelvärdet av 

solintensitet över hela jordklotet. I Sverige är denna siffra något lägre (cirka 900W/m2, mitt på 

dagen en solig sommardag). En solcell ger viss effekt även i molniga dagar. En solcells 

verkningsgrad ökar ju kallare den blir. En solcell av kisel ger cirka 0,6 volt spänning (varierar 

med temperatur och solstrålning). Högre spänning fås genom att seriekoppla flera celler i en 

solpanel.   

 

Efter en rad av upptäkter under 1980 och 1990-talet uppfanns den så kallade Grätzel-cellen av 

Prof. Michael Grätzel och medarbetare. Denna solcell kallas idag för den 

färgämnessensiterade solcellen. Solcellen består av en halvledande metalloxid och ett 

ljusabsorberande färgämne. Ljuset absorberas av färgämnet som sedan avger en elektron till 

halvledarskiktet. Elektronen leds tillbaka till färgämnet genom en extern krets och en 

elektrolyt. Tillverkningen av Grätzel celler är enkel och i princip går det i laboratorie-skala att 

tillverka Grätzel-celler i köket. Kommersialiseringen prövas idag av ett antal internationella 

företag, men ännu har inte Grätzel-cellen slagit igenom. Forskning pågår runt om i världen för 

att förbättra livslängden och verkningsgraden. 

 

Den färgämnessensiterade solcellen består utav två elektroder med en elektrolyt mellan dessa. 

Den aktiva elektroden består av en mesoporös film fastsatt på ett transparent ledande substrat, 

vanligtvis glas. Substratet behöver vara genomskinligt för att soljuset skall kunna penetrera 

den mesoporösa filmen där ett färgämne absoberar solljuset. Den mesoporösa filmen består 

oftast utav en mängd små titandioxid partiklar där varje partikel har en diameter utav 10-50 

nm (1 nm = 10-9 m). För att förena titandioxid partiklarna värms en titandioxid pasta och 

därmed förenas dessa till ett nätverk. I detta nätverk finns hålrum som fylls upp utav 

elektrolyten. Det andra ledande substratet sätts på motsvarande sida för att sluta den elektriska 

kretsen. 

  

Processen för generering av elektrisk energi börjar med att färgämnet absorberar solljuset och 

exciterar en elektron. Den exciterade elektronen injiceras till titandioxiden och vi har därmed 

separerat en negativt laddad elektron med det nu positivt laddade färgämnet. Denna 

laddningsseparation är grunden till omvandligen av energin från ljus till elektrisk energi. Två 

separerade laddningar ger upphov till en potentialskillnad som vi kan mäta i Volt. Men för att 

genera en effekt (ström x spänning) behöver vi dessutom en ström till en extern krets. För att 

detta skall hända skall elektronen ta sig från en titandioxidpartikel till en annan tills den 
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kommer till det ledande glaset (elektrontransport) utan att förloras på vägen (elektron-

rekombination). När elektronerna kommer till det ledande glaset kan en fotoström extraheras 

till en yttre krets. Elektrontransporten tävlar mot den eventuella rekombinationsprocess  som 

kan ske på vägen, där elektronen kan reagera med den reaktiva elektrolyten. Denna 

elektrontransportprocess är huvudämnet i denna avhandling där nya teorier samt mätmetoder 

använts. Elektrolyten har till uppgift att ge nya elektroner till de oxiderade 

färgämnesmolekylerna som har injicerat elektroner till halvledaren. Elektrolyten behöver då 

nya elektroner vilket kommer från motelektroden och vi har därmed slutit den elektriska 

kretsen. Vid varje steg för dessa processer som sker internt i solcellen finns förlutser på 

uteffekten av solcellen. Med hjälp av analys och mätmetoder kan man utröna vart de 

begränsande stegen sitter. För att göra det möjligt behöver vi modeller som beskriver hur 

systemet beter sig. I detta arbete har jag utvecklat mätmetoder samt analyserat den 

färgämnessensiterade solcellen för ökad förståelse om hur den kan förbättras. Nya halvledare 

som zinkoxid har testats där jag med hjälp av impedansmätningar har identifierat en 

begränsning i systemet. Simuleringsmetoder har testats för att studera effekten av den porösa 

strukturen där elektroner och joner rör sig när solcellen arbetat. Denna växelverkan har visat 

sig vara viktig för förståelsen av hur solcellen fungerar. Detta är viktigt för att kunna 

vidareutveckla och förbättra funktionen av den färgämnessensiterade solcellen. Det satsas 

mycket på forskning inom solcellsområdet och många nya applikationer som använder 

solceller kommer att dyka upp inom en snar framtid. 
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