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Abbreviations  
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Symbols 

C  capacitance per unit area, (C/m
2
) 

D  diffusion coefficient (of electrons), (m
2
/s) 

d  thickness; photoelectrode film thickness, (m) 

e
-  

electron 

E  energy, (J) 

f   frequency, (Hz) 

f  spatial (e.g. light harvesting) efficiency, (m
-1

) 

F  transfer function, (the units depend on the type) 

FF  fill factor, (no units) 

hν  photon 
i  current density, (A/m) 

I
-
  iodide ion

 

I3
-
  tri-iodide ion

 

k  index of resistance component 

L  electron diffusion length, (m) 

n  electron concentration (number density), (m
-3

) 

P  power density, (W/m
2
) 

q  electron concentration, (C/m
3
) 

qe  elementary charge, (C) 

R  reflectance, (%) 

R  resistance (per unit area), (Ωm
2
) 

S  sensitizer 

S
*
  excited sensitizer 

S
+
  oxidized sensitizer 

t  time, (s) 

T  transmittance, (%) 

V  voltage, (V) 

x  spatial coordinate, (m) 

Z  impedance (per unit area), (Ωm
2
) 

Φ  photon flux (m
-2

s
-1

); spectral photon flux, (m
-2

s
-1

nm
-1

) 

α  light absorption coefficient (of the PE film), (m
-1

) 
δ  delta function; spatial 
η  efficiency, (%) 

λ  light wavelength, (m) 

τ  time constant, (s) 
ω  angular frequency, (s

-1
) 

ξ  spatial coordinate, (m) 

 

 
Note: The symbols and abbreviations used in the Appendix and those that were explained at 

the point of use are not listed here. Definitions of the equivalent circuit impedance parameters 

are listed in Chapter 4.3. 
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1. Introduction 

1.1. Background and motivation 

The global energy consumption is expected to be 530 EJ in 2010 and to grow to 880 EJ by 

2050 [1] and 1360 EJ by 2100 [2]. This means that more than 20 TW of new power 

generation capacity needs to be installed worldwide within the next 90 years. Doing this 

without compromising the climate and environment, and the security, safety and well-being of 

people is a major challenge and calls for large scale utilization of carbon-neutral renewable 

energy sources. One of the most promising options in this regard is solar energy [2-4]. 

The solar energy resource can be utilized by photovoltaic (PV) solar cells that convert the 

electromagnetic energy of the sunlight directly to electricity. 70 000 km
2
 of solar cells with 10 

% conversion efficiency installed in the so-called “solar belt” between 20º and 30º latitude 

that receive 2000-2500 kWh/m
2
 yearly solar irradiation on a horizontal surface would satisfy 

all the present global energy consumption. The land area requirement for massive solar 

energy generation is huge, but not overly large when compared to the land already devoted to 

man-made constructions. For example, covering all the 70 million detached homes in the 

United States with solar panels would give already 0.25 TW [3]. 

Photovoltaics is proven, reliable, sustainable, and environmentally friendly energy 

technology. It is thus more than natural that it is generally embraced by people. The 

possibility to generate electricity directly from the sunlight anywhere in the world with a 

device that has no moving parts and needs hardly any maintenance is almost too good to be 

true. Concern about the detrimental effects of our present fossil fuel based energy economy on 

the environment and climate has generated a great motivation to increase the PV’s share of 

the global energy production significantly from the current 0.1 % [5]. As a solid evidence of 

this, more than 2.8 GWp [6] of PV systems are sold and installed globally with an annual 

market growth rate of 35-40 % [3,5]. 

These advantages must be contrasted with the reality that the cost of PV electricity is 

presently higher compared to the market price of grid electricity. The cost of grid-connected 

PV depends on the investment and maintenance costs of the PV system, operational lifetime 

of the system components, and naturally, on the yearly available solar irradiation (kWh/m
2
/a) 

at the installation site. As an optimistic comparison, the price of solar electricity generated by 

a 500 kW grid-connected PV system in the solar belt conditions is about 0.17 €/kWh [7], i.e. 

about twice the grid electricity price in Europe for industrial customers [8]. 

To reduce the cost of PV, cheaper and more efficient solar cells are needed. The present 

(3/2009) market price of crystalline silicon based solar modules is about 4.6 €/Wp [9] while 

the commonly acknowledged goal is 1 €/Wp or less. There are mainly two ways to aim for 

cheaper PV modules: to reduce their manufacturing costs (€/m
2
) or to increase their efficiency 

(Wp/m
2
).  According to Green [10], new PV technologies that aim primarily to cheaper 

manufacturing compared to the present crystalline silicon wafer based “1
st
 generation” PV 

technology are called 2
nd

 generation solar cells and include thin film PV like CdTe, 

CuInGa(Se)2, and amorphous silicon, whereas solar cells characterized by higher theoretical 

efficiency, such as multi-junction (tandem) solar cells, hot-carrier solar cells, etc. belong to 

the 3
rd

 generation of solar cells. 
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Except for the tandem cells that are used in space applications and concentrated PV, most of 

the 3
rd

 generation concepts have remained so far as subjects of fundamental research. In fact, 

it is the 2
nd

 generation solar cells that still stimulate most of the practical PV research 

activities and commercialization efforts at the present. In particular, during the last 20 years or 

so we have witnessed a growing interest to use nanotechnology for devising low-cost solar 

cells based on molecular materials and semiconductor nanoparticles and nanostructures. The 

organic solar cells [11] and electrochemical dye solar cells [12-14] are the most well known 

examples in this category. 

Low-cost manufacturing of PV modules requires not only cheap materials but also cost-

effective production processes. Large scale automated volume production is necessary to 

benefit from the economies of scale and to satisfy the increasing demand of PV. With this 

regard, roll-to-roll processing of thin film solar cells on flexible low-cost substrates such as 

plastic or metal foils is considered a promising, perhaps inevitable, direction of development. 

Indeed, work towards roll-to-roll processing and flexible substrates is common to practically 

all thin film PV technologies [15]. 

Flexible substrates are attractive not only from the economic but also from the application 

point of view.  Flexible solar cells may be competitive alternatives in many applications with 

varied requirements for efficiency, price, stability, and functionality.  In the low-cost and 

large scale end, flexibility is beneficial as it allows installation of solar panels on curved 

surfaces and existing building structures making it easier to engage large surface areas for 

solar power generation. In applications where functionality is more important than price, 

bendable, unbreakable, and extremely light-weight solar cell foils that can be rolled or folded 

up for storage and transportation may find or create new markets for portable backup power 

sources for mobile electronics like personal communication or emergency and rescue 

applications. Moderately efficient but extremely low-cost printed solar cells may be suitable 

for powering the emerging applications of printed electronics. 

This thesis deals with a solar cell type that is considered to be particularly promising for 

realizing low-cost flexible PV: the dye-sensitized solar cell, or simply dye solar cell (DSC) 

[12-14]. Dye solar cells built on glass substrates are efficient and stable. Small lab size cells 

reach over 10 % efficiencies, e.g. [16-20], and withstand more than 1000 hours of accelerated 

aging at 80 °C in the dark and visible light soaking at 60 °C with negligible or minor 

performance degradation, e.g. [19,20]. 

The DSC has many characteristics ideal for low-cost roll-to-roll processing. Its active 

materials are nanoparticles, dye molecules, and organic materials that can be deposited on 

various substrates in ambient temperature and pressure at non-clean-room conditions using 

solution processing like printing and spraying. Currently companies such as G24i are 

establishing production lines for flexible plastic DSCs, and Corus is working in collaboration 

with Dyesol to integrate DSCs on flexible stainless steel roofing products. However, transfer 

of the DSC technology from glass to flexible substrates while maintaining the high cell 

performance and stability proven on glass is challenging and not fully accomplished yet. This 

forms the underlying research problem of this thesis. 

1.2. Objectives and scope 

The purpose of this study was to contribute to the transfer of the DSC technology from rigid 

glass substrates to alternative flexible substrates such as plastic foils and metal sheets. The 
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basic criteria for evaluating the success of this transfer are the same as for evaluating the 

competitiveness of any PV technology: cell performance, long-term stability, and 

manufacturing costs. Each of these criteria is equally important in reaching the ultimate goal: 

low-cost generation of solar electricity. Nevertheless, this thesis focuses only on of one these 

criteria: the solar cell performance. 

Issues related to the manufacturing costs and stability played a role in the selection of the 

research topics, but were not the subjects of research as such. For instance, cheaper 

manufacturing is the main motivation for aiming at the flexible substrates in the first place, 

but is not elaborated in this thesis. Cost analyses carried out by others have estimated that 

with the present-day materials and manufacturing technology, the glass based DSCs can reach 

module cost of 2-3 €/Wp at 1-4 MWp/year manufacturing and 7-8 % active area cell 

efficiency, and less than 1.5 €/Wp through large volume production and material optimization 

[19]. The goal of large scale roll-to-roll production of flexible DSCs on low-cost substrates 

should thus be considerably below 1 €/Wp. 

Stability for its part is a major challenge for flexible solar cells, as well as for organic 

electronics in general, and the DSCs are no exception in this respect. Electronic materials are 

usually sensitive to water in the long run, and there is hardly a better moisture barrier than a 

thick sheet of glass. Nevertheless, before systematic investigations of the long-term stability 

and performance degradation of flexible dye solar cells can be sensibly carried out, the factors 

that determine the cell performance need to be well understood and characterized. 

This brings us to the main objectives of this thesis. They were to: 

1. Demonstrate and evaluate the technical feasibility of manufacturing dye solar cells on 

flexible substrates and develop better methods for the cell preparation 

2. Generate fundamental understanding of the factors that limit the photovoltaic performance 

of these solar cells, and 

3. Develop experimental methods that allow better resolution and accuracy for identifying 

and quantifying the performance limitations by measurements carried out with complete 

solar cells under realistic operating conditions 

In the transfer from glass to flexible substrates the main problems regarding solar cell 

performance are related to the properties of the substrates, their interaction with the other cell 

components, and the restrictions that they set to the cell fabrication. Consequently, the 

specific research questions in this study were: 

1. How to prepare over 10 µm thick colloidal TiO2 photoelectrode films with good electron 

transport properties on flexible ITO-PET plastic substrates below 150 ºC? 

2. How to prepare catalytic counter electrodes with charge transfer resistance below 1 Ωcm
2
 

on ITO-PET plastic? 

3. Is the ITO-PET as good photoelectrode substrate as the conventional FTO-glass? Or is 

there a need for a blocking layer to suppress back-reaction of electrons at the ITO-

electrolyte interface? How could such a layer be deposited below 150 ºC? 
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4. Can the DSC be integrated directly on a stainless steel sheet in such a way that the metal 

functions as the current collector and back contact of the cell, without compromising the 

cell efficiency? 

5. The photocurrent of a solar cell is a result of at least three consecutive processes: light 

absorption, charge separation, and charge collection. What determines the quantum 

efficiency of these photoconversion steps in the DSC, and how can they be measured?  

6. DSCs with nanostructured TiO2 photoelectrodes prepared by room-temperature 

compression technique suffer from lower photocurrent output compared to equivalent 

cells that use high-temperature treated photoelectrodes. Why? 

7. Electrochemical impedance spectroscopy (EIS) and intensity-modulated photocurrent 

(IMPS) and photovoltage (IMVS) spectroscopy are widely used dynamic measurement 

techniques that give information on the electrical and opto-electrical function of the DSC. 

What is the correct interpretation of this information and how is it related to the steady 

state IV curve of the cell? 

Not coincidentally, these questions are answered in the Publications I-VI and Chapters 3-5 of 

this thesis. 

1.3. Outline of the thesis 

The thesis is organized as follows.  

First, the background and motivation for the study are presented and the objectives and scope 

of the thesis are defined in Chapter 1. 

In Chapter 2.1 the general principle of a generalized photovoltaic converter is reviewed 

following a modern description that is suitable for understanding the function of all kinds of 

solar cells, in particular the “excitonic” solar cells, like the organic and dye solar cells. This is 

followed by a short introduction to the operating principle of the DSC and its 

advantageousness compared to the function of inorganic p/n-junction solar cells in Chapter 

2.2. 

A theoretical description of the factors that affect the conversion efficiency of DSCs is given 

in Chapter 3. Here, a main focus is given to the factors that determine the short circuit current 

density of DSC, since this was a central topic of the thesis. 

Chapter 4 gives an overview of the main experimental techniques used in this work. In 

particular, a concise introduction to EIS, IMPS and IMVS is presented pointing out their 

relation to each other and to the steady state IV curve of the solar cell. 

In Chapter 5 the main results of the thesis, reported originally in the Publications I-VI, are 

summarized and discussed. The results are complemented with previously unpublished data 

when available and fruitful to the discussion. 

The results and the main conclusions of the thesis are summarized in Chapter 6. 
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The Appendix outlines the time-dependent standard diffusion model and presents its general 

solution for small amplitude harmonic light modulation. This simple model played a major 

role in this thesis. 

The original Publications I-VI are reproduced at the end of the thesis with kind permission 

from the copyright holders. 
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2. The dye solar cell 

2.1. Principle of photovoltaic energy conversion 

A common feature for all types of solar cells is their ability to convert the electromagnetic 

energy of light to electrical potential energy that can be supplied to an external electric circuit 

connected to the cell. This photoconversion process can be divided generally into two 

principal steps [21,22]: 

1. Creation of an excited electronic state by photon absorption in the absorber material. The 

excited state may be considered as a pair of positive and negative electronic charges. 

2. Separation of the photogenerated electronic charges to the different terminals (contacts) of 

the device. 

Depending on the type of solar cell the excited state can be an electron-hole pair in a  

crystalline semiconductor (e.g. silicon solar cells), a bound exciton in an organic polymer 

(organic solar cells), or an electronic excitation in a dye molecule (dye solar cells). 

Thermodynamically, in the light absorption process the electromagnetic energy of the photon 

is converted to chemical energy in the absorber, corresponding to change in the population of 

the electronic states available in the material. 

To produce electrical energy, the chemical energy of the photoinduced excited state must be 

transformed to electrical potential difference (electrostatic potential energy) between the 

contacts of the solar cell (Figure 1). In this charge separation process the positive and negative 

electronic charges that correspond respectively to the occupation and vacancy in the higher 

and lower energy states of the electronic excitation, are dissociated (spatially separated) and 

transported to the opposite contacts. This process requires certain asymmetry in the solar cell 

so that one of the contacts collects predominantly the negative charge carriers while the other 

contact receives predominantly the positive charges. In other words, the contacts of the solar 

cell display different selectivity to the type of the charge carriers. 

The existence of at least one selective contact to the absorber can be taken as a minimum 

prerequisite for a photovoltaic device (Figure 1). The physical location and the mechanism 

behind the contact selectivity can be quite different in different types of solar cells, but can 

nevertheless be always identified [21,22]. For example, in the standard p/n-junction silicon 

solar cells the selectivity arises from the drift of electrons and holes into the opposite direction 

in the electric field of the space charge region in the p/n-junction, whereas in the organic bulk-

heterojunction solar cells the selectivity arises from difference in the interfacial properties of 

the electron and hole conducting organic materials and their metal contacts. 
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Figure 1. General principle of an idealized photovoltaic converter consisting of an absorber 
(A) and two selective contacts (C1 and C2) [21]. Upon light absorption the photon energy is 

converted to chemical potential (∆µ = µHIGH - µLOW) of the exited electronic states in the 
absorber by lifting electrons from a low-energy level (EL) to a high-energy level (EH). At the 
steady state the rates of generation (solid arrow) and relaxation (a.k.a. recombination, 
dashed arrow) of the exited states balance each other, leading to a shift in the chemical 

potential ∆µ  of electrons in the absorber. The chemical potential difference corresponds to 
the maximum available free energy of electrons. When the contact C1 is selective to the 
electrons in the high-energy level (or above it) and the contact C2 to the electrons (holes) in 
the low-energy level (or below it), the chemical potential of the absorber can be addressed as 
an electrostatic potential difference between the metal contacts (M1 and M2), and used to do 
electrical work in the external circuit connected to the solar cell. 

2.2. Operating principle of the dye solar cell 

The dye solar cell (DSC), also known as the Grätzel cell, is a photoelectrochemical device 

that combines light-absorbing dye molecules with semiconductor nanoparticles and a redox 

electrolyte to generate electricity from the sunlight. 

Figure 2 shows the structure of a typical DSC. The photoelectrode consists of visible light 

absorbing dye molecules (photosensitizers) that are chemisorbed as a monolayer on the 

surface of TiO2 nanoparticles having ca. 20 nm diameter. The TiO2 nanoparticles are in 

contact with each other forming a ca. 10 µm thick nanoporous electrode film deposited on a 

transparent conductive oxide (TCO) coated glass substrate. The nanoporous structure of the 

TiO2 film provides high internal surface area to accommodate the large amount of dye 

required for efficient light absorption while ensuring that each dye molecule is in direct 

contact with both the TiO2 and the electrolyte. A few hundred nanometers thick TCO layer 

forms an electronic contact to the TiO2 film. The counter electrode of the cell consists of a 

similar TCO glass substrate coated with platinum catalyst particles.  

A thermoplastic polymer film is used as an edge sealant and spacer to attach the 

photoelectrode and counter electrode together to form a sandwich-like thin layer 

electrochemical cell. A liquid electrolyte fills the few tens of micrometers thick gap between 

the electrodes and penetrates to the pores of the TiO2 film making contact with the dye 

molecules. Ideally, the only light absorbing material in the cell is the dye molecules while 

other parts of the cell are transparent. This includes the nanostructured large band-gap 

semiconductor particles (TiO2) that absorbs light only in the UV region. 
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Figure 3 shows the operating principle of the DSC. Upon light absorption an electron is 

excited from a low-energy state (highest occupied molecular orbital, HOMO) to a high-energy 

state (lowest unoccupied molecular orbital, LUMO) of the dye (1). The excited state of the 

dye is relaxed by electron injection to the TiO2 conduction band (2). The oxidized dye is 

regenerated by electron capture from the redox electrolyte (3). The electron moves by 

diffusion in the TiO2 film until it is collected at the TCO contact of the photoelectrode (4), 

and is returned to the redox electrolyte in an electrochemical reaction at the counter electrode 

(5). The electrical circuit is closed by ionic transport between the photoelectrode and counter 

electrode (6). 

The regenerative operating cycle of the cell can be summarized as follows: 

Photoelectrode (photoanode) reactions: 

 *ShvS →+     light absorption by the dye  (1) 

)TiO( 2

* −+ +→ eSS    electron injection   (2) 

−−+ +→+ 3232 ISIS    dye regeneration   (3) 

)TiO(223 23

−−− +→+ eIhvI   overall photoelectrode reaction (4) 

Counter electrode (cathode) reactions: 

−−− →+ IeI 3)CE(23    overall charge transfer reaction (5) 

Overall cell reaction: 

 )TiO()CE( 2

−− →+ ehve        (6) 

Investigation of the role of each of these (and other) processes in determining the energy 

conversion efficiency of the DSC, and limitations thereof, is a central topic in this thesis. 

The DSC is a particularly interesting realization of the generalized photovoltaic converter (cf. 

Figure 1). In the DSC the absorber material is the dye molecules at the TiO2-electrolyte 

interface. The selective contact to the high-energy state of the dye (LUMO) is provided by the 

TiO2 conduction band whereas the redox electrolyte forms a selective contact to the ground 

state (HOMO) of the dye. 

The molecular TiO2-dye-electrolyte interface carries therefore the role of both light absorption 

and charge separation, whereas the transport of negative (electron) and positive (effectively I3
-

) charge carriers takes place in the TiO2 nanoparticles and the electrolyte respectively. This is 

in fact a significant advantage of the DSC compared to the way how conventional PV cells 

work. In the silicon solar cells as well as in the inorganic thin film solar cells, the 

semiconductor material is responsible for both light absorption and carrier transport, and 

recombination of the electrons and holes occurs in the bulk of the material (in addition to 

surface recombination). To suppress bulk recombination the semiconductor material needs to 

be of high purity which tends to make it expensive. In DSC however, the tasks of light 

absorption, and carrier transport are separated to different materials. This gives more freedom 

and possibilities to design and optimize the cell materials with respect to performance, cost 

and stability. 
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Figure 2. Structure and components of the dye solar cell. When transparent substrates and 
weakly absorbing counter electrode catalyst is used, the DSC can operate also with backside 
illumination, as indicated in the figure. 

 

 

Figure 3. Operating principle of the dye solar cell. The numbers indicate the forward 
reactions of the operating cycle of DSC as described in the text. Unwanted back-reactions 
are indicated with red arrows including: (a) radiationless relaxation of the exited state of the 
dye, (b) recombination of the injected electrons with the oxidized dye, (c) recombination of 
the electrons by interfacial electron transfer to the electrolyte. 
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3. Photovoltaic function of dye solar cells 

The photovoltaic performance of a solar cell is described by its current-voltage (IV) curve and 

reported in terms the IV characteristics: short circuit current density iSC, open circuit voltage 

VOC, and fill factor FF (Figure 4). 

The fill factor is defined as 

SCOC

MPPMPP

iV

iV
FF =         (7) 

where iMPP and VMPP are respectively the current density and voltage at the maximum power 

point (MPP). Using the fill factor, the maximum power per unit area delivered by the solar 

cell can be written as 

FFiVP SCOCMAX =         (8) 

The light-to-electricity energy conversion efficiency of the solar cell is defined as the ratio of 

the maximum power produced by the cell (W/m
2
) to the incident light intensity PlN (W/m

2
) 

IN

MAX

P

P
=η          (9) 

 

Figure 4. Typical solar cell IV curve and its characteristic parameters. 

In general, the IV characteristics and efficiency of a solar cell depend on the intensity and 

spectral distribution of the incident light, and on the cell temperature. For this reason, standard 

measurement conditions have been defined to facilitate comparison of solar cell data between 

different laboratories. The standard conditions relevant for terrestrial applications are: light 

intensity 1000 W/m
2
, spectral distribution according to AM1.5 global standard solar 

spectrum, and cell temperature 25°C. The power output of the solar cell at these conditions is 

called the nominal power of the cell and is indicated by reporting the data in units of WP, 

called peak watt.  
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3.1. Short circuit current density 

An essential quantity describing the effectiveness of the solar cell in generating steady state 

photocurrent is the spectral incident-photon-to-collected-electron efficiency (IPCE) ηIPCE(λ), 

also known as the external quantum efficiency EQE. When reported in units A/W it is also 

known as the spectral response of the solar cell. The IPCE is defined as the number of 

electrons delivered to an external electric circuit per number of photons with wavelength λ 

incident on the cell. The ηIPCE is normally measured at the short circuit conditions, 

corresponding to the situation where the cell delivers its maximum photocurrent at a given 

monochromatic light intensity 

( ) ( )
( )λ

λ
λη

DCe

SC

IPCE
Φq

i
=          (10) 

where iSC is the steady state short circuit current density, ΦDC the steady state photon flux, λ 

the light wavelength, and qe the elementary charge. A simple IPCE measurement involves 

measurement of the steady state iSC and the photon flux incident on the cell while scanning 

the light wavelength with a monochromator. 

Alternatively, we may define the differential IPCE as the ratio of a small (differential) change 

in iSC due to small change in the incident photon flux relative to some steady state background 

intensity 

( ) ( )
( )λ
λ

λη
DC

SC

e

DIFIPCE,

1

Φ

i

q ∂

∂
=         (11) 

The differential IPCE can be measured by comparing the amplitude of the short circuit 

photocurrent response generated by small modulation of the incident light intensity, using e.g. 

chopped monochromatic light and a lock-in amplifier. Note that the differential IPCE equals 

with the total IPCE only when iSC is exactly linear with photon flux. In practice, DSCs 

typically show light-intensity dependent ηIPCE meaning that the differential ηIPCE,DIF is not 

equal to the total ηIPCE [23-25]. 

The ηIPCE of the DSC can be expressed as a product of the partial efficiencies (probabilities) 

of the light harvesting ηLH, electron injection ηINJ, and electron collection ηCOL processes 

(Figure 5). 

 

Figure 5. The photocurrent of the dye solar cell depends on the quantum efficiencies of light 

harvesting (ηLH), electron injection (ηINJ), and electron collection (ηCOL). 
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COLINJLHIPCE ηηηη =          (12) 

The ratio ηIPCE/ηLH defines further the absorbed-photon-to-collected-electron efficiency 

ηAPCE, also known as the internal quantum efficiency IQE  

COLINJAPCE ηηη =          (13) 

The ηIPCE has thereby an optical part, ηLH, and an electrical part, ηAPCE. Additionally, the 

quantum efficiency of electron generation 

INJLHGEN ηηη =          (14) 

tells us the probability at which a photon incident on the cell generates an electron in the TiO2 

via excitation and electron injection by the dye. The ηIPCE is a spectral quantity, i.e. it is 

defined for a monochromatic light wavelength only. The short circuit current of the solar cell 

under white light illumination with spectral photon flux ΦDC(λ) (units m
-2

s
-1

nm
-1

) is  

∫∫ ==
max

min

max

min

)()()()()()( COLINJLHDCeIPCEDCeSC

λ

λ

λ

λ

λληληληλλληλ dΦqdΦqi  (15) 

where λmin … λmax defines a wavelength range where both ηIPCE and ΦDC(λ) are non-zero. 

Note that in eq. 15 each of the three factors, ηLH, ηINJ, and ηCOL are generally wavelength-

dependent. 

3.1.1. Light harvesting efficiency 

Of the three factors of ηIPCE the light harvesting efficiency ηLH is perhaps the best understood. 

It is defined as the probability that a photon with wavelength λ incident on the cell is absorbed 

by a dye molecule somewhere in the cell and its energy is converted to the chemical energy of 

the exited state of the dye. Accordingly, the ηLH depends on the molar light absorption 

coefficient of the dye, its concentration in the photoelectrode and the thickness of the 

photoelectrode film, and is affected by optical losses due to light reflection and absorption in 

the other cell components.  

Due to light attenuation the local absorption rate varies over the thickness of the 

photoelectrode film. It is therefore useful to define a spatial light harvesting efficiency 

fLH(x,λ), in units m
-1

, as the probability per unit length that a photon incident on the cell is 

absorbed at the position x within the photoelectrode film. fLH gives the light absorption profile 

in the film and is related to the total light harvesting efficiency ηLH as 

 ∫=
d

dxxf
0

LHLH ),()( λλη        (16) 

where d is the photoelectrode film thickness. Note that in fLH we incorporate all optical effects 

and losses that determine the local photon flux in the photoelectrode film. 
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In the simplest (ideal) case ηLH is given by the Beer-Lambert law. This assumes that the light 

absorption profile fLH is exponential and light scattering is insignificant, and neglects all 

optical losses other than the transmittance of the photoelectrode itself.  In this case 

xexf D

DLH )( αα −=         (17) 

where αD is the light absorption coefficient of the dye. The light harvesting efficiency 

becomes then (eq 16) 

de D1LH

αη −−=          (18) 

If the dye molecules are not the only light absorbing component in the photoelectrode film, 

we have 

xexf αα −= DLH )(         (19) 

and 

( )de α

α
α

η −−= 1D
LH         (20) 

where α is the total absorption coefficient of the photoelectrode film. In practice, α includes a 

contribution from the light absorption by the I3
-
 in the electrolyte in the pores of the film. 

A slightly more realistic optical model was used in Publications V and VI taking into account 

transmittance of the substrates and reflectance of the moderately light scattering 

photoelectrode film. Assuming that the reflectance of the film is interfacial despite the fact 

that it originates mainly from the light scattering in the bulk of the film, fLH and ηLH become 

for the PE illumination 

( ) [ ] xeRTxf αα −−= DPETCOPELH, 1       (21) 

[ ] ( )deRT α

α
α

η −−−= 11 D
PETCOPELH,       (22) 

and for the CE illumination 

( ) [ ] )(

DPEELCECELH, 1 dxeRTTxf −−= αα       (23) 

[ ] ( )deRTT α

α
α

η −−−= 11 D

PEELCECELH,       (24) 

where TTCO, TCE and TEL are respectively the transmittance of the TCO-coated glass substrate 

of the photoelectrode, the counter electrode and the free electrolyte layer, and RPE is the 

reflectance of the photoelectrode film (Figure 6). Note that in Publication V, it was necessary 

to take additionally into account the dependence of the parameters α, TEL, and RPE on the 

photoelectrode thickness d. 
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Figure 6. Schematic representation of the optical components in the dye solar cell and the 
corresponding nomenclature used in eqs. 21-24. 

The simple optical model described above (eqs 22 and 24) could be improved for example by 

including back reflection of light from the counter electrode, or more generally, multiple 

reflection of light in the multi-layered structure of the cell. Light scattering in the 

photolectrode film can be modeled by four-flux radiative transfer calculations [26] applied to 

single [27] or multilayer films [28]. Interference effects may need to be accounted for when 

the thickness of an optical layer is comparable to the light wavelength, such as in the case of 

the TCO layers [29]. 

Nevertheless, whatever the optical model might be like, it needs to be coupled with the 

electrical model of the cell. As shown in Publication VI, this is particularly straightforward 

and simple in the case of the standard electron diffusion model discussed in Chapter 3.1.3 and 

the Appendix, and used throughout this thesis. 

3.1.2. Electron injection efficiency 

The electron injection efficiency ηINJ is defined as the average probability that the generation 

of an excited state of the dye (somewhere in the photoelectrode) by a photon of wavelength λ 

leads to a successful transfer of an electron from the dye to the electronic transport states in 

the TiO2. The injection is taken successful and completed when the electron becomes a 

statistically indistinguishable member of the excess electron population in the TiO2. This 

marks the initial photoinduced charge separation at the TiO2-dye-electrolyte interface. 

The ηINJ depends on the density and mutual energetic overlap of the excited state energy 

levels of the dye (donor states) and the electronic states (acceptor states) in the semiconductor 

oxide. This energetic matching can be tuned by suitable co-adsorbent molecules or electrolyte 

species [30-37] that upon adsorption to the semiconductor surface influence the magnitude 

and distribution of the electrostatic potential difference across the electrochemical Helmholtz 

layer at the semiconductor-dye-electrolyte interface [38,39](Figure 7). 
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While ηINJ is sensitive to the selection of the semiconductor oxide, the dye, and the electrolyte 

composition, it is normally considered to independent of the position in the photoelectrode 

film. 

3.1.3. Electron collection efficiency 

The electron collection efficiency ηCOL is the probability that the electron injected from the 

dye to the TiO2 is successfully collected from the solar cell, i.e. it contributes to the measured 

electric current in the external electric circuit. In other words, it is the probability that the 

electron avoids recombination with the oxidized dye or the electrolyte species. The ηCOL 

depends on the characteristic rate constants of the electron transport and recombination 

processes in the photoelectrode. In Publication V ηCOL was determined based on steady state 

ηAPCE data, whereas Publication VI presents a general description of the dynamic electron 

generation-collection problem in terms of the IMPS and IMVS response discussed later in 

Chapter 4.5. 

Considering the collection events of individual electrons, it is useful to define a spatial 

electron collection efficiency ηCOL,δ as the probability that an electron injected at the position 

x into the photoelectrode film becomes collected at the contact. According to the standard 

diffusion model (Appendix) ηCOL,δ depends on the distance from the point of electron 

generation (x) to the collecting contact (at x = 0), and on the electron diffusion length L and 

film thickness d as   

 

Figure 7. Effect of conduction band position on the electron injection efficiency. a) If the TiO2 
conduction band energy ECB is significantly higher than the excited state ELUMO of the dye, 
electron injection is restricted. b) The conduction band energy may be lowered 
electrostatically by adsorbing small positive ions (e.g. H+ or Li+) on the TiO2 surface. This 
enables efficient injection, but with the expense that the open circuit voltage of the cell may 
be lower due to smaller ECB-Eredox energy difference (see Chapter 3.2). 
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Eq 25 tells us essentially that the probability of the photogenerated electrons to reach the 

collecting contact prior to their recombination is the higher the closer to the contact they are 

generated (Figure 8a). 

The overall collection efficiency is simply the weighted average of the (spatial) collection 

efficiencies of electrons generated in the photoelectrode film according to a profile fLH(x), 0 < 

x < d 

∫

∫
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η        (26) 

Figure 8b shows the effect of film thickness on ηCOL in different cases. According to the Beer-

Lambert law, the generation profile is determined by the absorption coefficient of the film (α) 

and the direction of illumination. The case of uniform generation corresponds to weakly 

absorbed light, whereas localized generation at the far edge of the film (x = ξ = d) corresponds 

to strongly absorbed light incident from the CE side.  

 

Figure 8. a) Effect of electron diffusion length (L) on the spatial electron collection efficiency 

in a 30 µm thick photoelectrode film. b) Effect of film thickness (d), light absorption coefficient 

(α), and illumination direction on ηCOL when L = 10 µm. Continuous lines: PE illumination; 
dashed lines: CE illumination. Shown is also the purely theoretical case of localized 

generation at x = ξ when d = 30 µm. [118] 
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The general feature is that, the shorter L is compared to d, the more sensitive is ηCOL to the 

generation profile that determines the average distance the electrons have to travel to reach 

the collecting contact. When L >> d, ηCOL ≈ 100 % irrespective of the generation profile and 

the fill thickness. 

Similar spatial quantities can be defined for the quantum efficiencies of IPCE and electron 

generation as well. Note that the denominator in eq. 26 is the total light harvesting efficiency 

(eq 16). Eq. 26 can thus be written as  

∫=
d

dxxxf
0

COL,LHLHCOL )()( δηηη       (27) 

and hence ηIPCE (eq 12) as 

∫=
d

dxxxf
0

COL,LHINJIPCE )()( δηηη        (28) 

If also ηINJ needs to be considered position-dependent, we have 

( )∫=
d

dxxxxf
0

COL,INJLHIPCE )()( δηηη        (29) 

This implies the definition of the spatial IPCE, fIPCE: 

∫=
d

dxxf
0

IPCEIPCE )(η          (30) 

)()()()( COL,INJLHIPCE xxxfxf δηη=       (31)  

Similarly, the spatial electron generation efficiency fGEN becomes 

∫=
d

dxxxf
0

INJLHGEN )()( ηη         (32) 

)()()( INJLHGEN xxfxf η=        (33) 

 

3.2. Open circuit voltage 

A theoretical upper limit for the open circuit voltage (VOC) of the dye solar cell is given by the 

free energy of the electronic excitation of the dye, i.e. ELUMO-EHOMO energy difference (cf. 

Figure 1 and Figure 3). This energy corresponds to the edge of the absorption spectrum of the 

dye, and is ca. 1.8 eV for the common Ru based dyes. However, in practice the selective 

contacts to the HOMO and LUMO levels by the TiO2 and the redox electrolyte respectively, 
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are less than ideal, which leads to losses in the free energy, and hence VOC available at the 

external metallic contacts of the cell. These losses can be summarized as follows: 

1. Thermalization of injected electrons to the TiO2 conduction band edge. For efficient 

electron injection from the dye to TiO2 the LUMO level of the dye needs to be at 

somewhat higher energy than the electron acceptor levels in the TiO2 conduction band. 

While electrons can be injected to the TiO2 from high energy (vibrationally) excited states 

[40-43], these hot electrons are rapidly thermalized to the bottom of the TiO2 conduction 

band after injection. The loss of VOC due to this energetically downhill process is 

approximately (ELUMO-ECB)/qe, and depends on the dye and the semiconductor in question. 

2. Dye regeneration. To facilitate rapid regeneration of the oxidized dye, i.e. reduction of 

the dye to its ground state after electron injection, the redox energy level of the electrolyte 

needs to be somewhat above the HOMO level of the dye in order to provide sufficient 

driving force for the electron transfer. This energy difference leads to a VOC loss of ca. 

(Eredox-EHOMO)/qe, and depends on the dye and redox pair in question. 

3. Electron recombination. At the steady state open circuit conditions the overall rates of 

electron injection and recombination are equal. As a result of this balance, a light intensity 

dependent electron concentration and corresponding electron Fermi level is established in 

the TiO2. The electron Fermi level is measurable as electric potential at the photoelectrode 

contact and depends, besides light intensity, on the quantum efficiency of electron 

generation, the kinetic rate constant of the electron recombination, and the density of 

states in the semiconductor. Nevertheless, due to large density of states in the TiO2 

conduction band, the Fermi level is always somewhat below the conduction band edge, 

bringing rise to a VOC loss of ca. (ECB-EF)/qe. 

As a result of these primary loss factors, the VOC of the DSC corresponds to the difference 

between the electron Fermi-level in the TiO2 and the redox level in the electrolyte 

redoxFOCe EEVq −=−         (34) 

Other, normally minor factors affecting the photovoltage include: 

1. Upward shift in the TiO2 conduction band edge energy due to light induced electrostatic 

charging of the Helmholtz layer at the TiO2-dye-electrolyte interface. This effect may be 

significant at very high light intensities where the electron concentration is high [21]. 

More importantly, the electrostatic charging can be used to purposely tune the ELUMO-ECB 

difference by adsorbing ions and molecules at the surface of the TiO2 thus modifying the 

electric field within the Helmholtz double layer [38,39]. 

2. Downward shift in the redox level of the electrolyte due to light induced charge separation 

(electron injection to TiO2) and corresponding change in the relative concentrations of the 

redox pair in the electrolyte, as described by the Nernst’s equation of equilibrium 

electrode potential [44]. Typically, this effect is expected to be negligible due to high 

concentration of the redox pair and the diluting effect of the bulk electrolyte in the cell. 

3. Decrease of VOC due to additional electron recombination via the substrate-electrolyte 

interface. This loss mechanism can be significant at low light intensities unless the 

photoelectrode substrate is particularly inactive to the electrolyte reduction reaction, and 

can be minimized by applying a recombination blocking layer on the substrate [45-48]. 
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Substrate mediated recombination is a central topic of Publications III and IV that 

investigate the electrochemical function of stainless steel metal and ITO-PET plastic 

substrates, and their effect on the DSC performance. 

3.3. Fill factor 

In addition to the photocurrent and photovoltage limitations, the energy conversion efficiency 

of the dye solar cell is affected by its internal electrical resistance. This arises from the 

resistivity of the cell materials and the resistance of charge transfer at their interfaces that give 

rise to voltage losses Vk due to electric current flowing in the cell. These voltage losses, called 

“over-potentials” or “over-voltages” in the field of electrochemistry, act as to decrease the cell 

voltage from its open circuit value, and decrease the fill factor (FF) of the solar cell IV curve 

(see Chapter 4.4).  

In other words, the solar cell IV curve can be written as 

 ( ) ( )∑+=
k

k iVViV CELLOCCELLCELL       (35) 

At the open circuit, the internal voltage losses are zero, since no current is flowing, and the 

cell produces its maximum photovoltage, VOC, that corresponds to  the maximum available 

free-energy of the photogenerated electrons (-qeVOC). Yet, no current is taken from the cell at 

the open circuit, and hence, all this free energy is constantly consumed in electron 

recombination reactions, generating heat. Also at the short circuit, all the free energy is 

consumed in the cell, but in this case mainly via electron thermalization to the Fermi level and 

generation of heat by current flow through the internal cell resistances. Between the open and 

short circuit extremes, when an external load with a finite resistance is connected to the cell, a 

fraction of the free energy (per unit time) is extracted from the cell and used in the external 

load, this fraction being highest in the maximum power point, while the rest is still lost due to 

generation of heat in the cell. Minimization of the internal cell resistance is therefore essential 

to the performance optimization of any solar cell. The origin and nature of the internal 

resistances in the DSC is discussed in relation to impedance spectroscopy in Chapter 4.3. 
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Figure 9. Origin of photovoltage in the dye solar cell. The open circuit voltage corresponds to 
the difference between electron Fermi energy in the TiO2 and the redox level in the 
electrolyte. This is lower than the HOMO-LUMO energy of the dye due to loss of free energy 
of electors in the electron thermalization, dye regeneration, and electron recombination as 
discussed in the text.  

 

Figure 10. Spatial variation of the free energy of electrons in the dye solar cell at the 
maximum power point. Gradients and steps in the free energy are induced by the current 
flow in the resistive components and interfaces in the cell and decrease the cell voltage from 

its open circuit value VOC = ΦPE,OC - ΦCE,OC to VMPP = ΦPE - ΦCE. 
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4. Performance characterization of dye solar cells 

The goal of experimental solar cell performance characterization is to determine the light-to-

electricity conversion efficiency and the factors that limit it in the cell under study. The key 

physical quantities that describe the cell performance are current, voltage, and the incident 

photon flux. The main performance characterization techniques used in this thesis quantify the 

relation between two of these three quantities by measuring the response of one quantity to 

the variation of the other. Depending on the technique this relation is measured either at the 

steady state or in dynamic (time or frequency dependent) condition (Figure 11). 

The photovoltaic performance of the cell is measured by standard current-voltage (IV) 

characterization at fixed light intensity. The dynamic equivalent of this is electrochemical 

impedance spectroscopy (EIS). The ability of the cell to generate steady state photocurrent at 

fixed cell voltage (typically at short circuit) is determined by incident-photon-to-collected-

electron spectroscopy (IPCE), and the dynamic equivalent of this technique is the intensity-

modulated photocurrent spectroscopy (IMPS). The dynamic photovoltage response of the cell 

at fixed current is measured by intensity-modulated photovoltage spectroscopy (IMVS). 

Finally, optical characterization is used to determine how many of the incident photons at 

given light wavelength are actually absorbed by the dye molecules, i.e. to quantify the purely 

optical performance of the cell. 

The following Chapters give first a brief description of the standard photovoltaic and optical 

characterization of the dye solar cells (the IPCE was discussed already in Chapter 3.1). More 

detailed introduction is given thereafter to the advanced dynamic techniques EIS, IMPS, and 

IMVS, and their relation with each other. 

 

Figure 11. Relation between different dynamic and steady state optical and electrical 
characterization techniques of the dye solar cells. 
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4.1. Photovoltaic characterization 

The basic photovoltaic characterization involves measuring the steady state IV curve of the 

cell at (or close to) the Standard Reporting Conditions (SRC): 1000 W/m
2
 light intensity with 

spectral distribution according to the AM1.5G standard solar spectrum, and cell temperature 

25 ºC. While this is quite straightforward, certain additional practical issues should be kept in 

mind to obtain reliable IV characterization of DSCs. 

The high capacitance of the nanostructured photoelectrode and slow mass transport in the 

electrolyte make the response time of the DSC long. To guarantee that the measured IV data 

corresponds to steady state cell operation the IV curve needs to be recorded with sufficiently 

slow voltage sweep rate. The suitable sweep rate needs to be determined in practice as it 

depends on the type of cell and the used light intensity. A practical way to avoid errors is to 

measure several back-and-forth voltage sweeps in a cycle. If the data displays significant 

hysteresis, the sweep rate needs to be reduced. Cyclic IV data showing minor hysterisis may 

also be averaged to estimate the steady state data [49]. The cyclic measurement is also 

effective in revealing possible drift during the experiment, due for example to warming up of 

the cell or light-induced changes in the cell chemistry. A stabilization period in the beginning 

of the measurement may be needed to reach stable and repeatable steady state IV data (Figure 

12). 

Routine solar cell measurements are performed with artificial light sources called solar 

simulators. The spectral irradiance of the light source is preferentially close to the AM1.5G 

standard spectrum. In practice, the light spectrum differs to a certain extent from the standard 

solar spectrum and introduces a systematic error in the solar cell performance evaluation. This 

 

Figure 12. Demonstration of the importance of cyclic measurement for detecting drift in IV 
characterization of a dye solar cell. This measurement was started soon after placing the cell 
under 1000 W/m2 illumination in a solar simulator. The first IV sweep starting at 0.8 V yielded 
considerably higher open circuit voltage than the subsequent sweeps. The likely reason for 
this was gradual warming-up of the cell under the high light intensity due to absence of 
cooling. Only after a few cycles was repeatable data with no hysteresis obtained. 
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error, called spectral miss-match error [50], can be accounted for by correcting the solar cell 

current densities measured with simulated light (iTEST,SIM) to correspond to the standard solar 

spectrum (iTEST,STD) by dividing measured current densities with the correction factor called 

spectral miss-match factor, M.  

M

i
i

SIMTEST,

STDTEST, =         (36) 

The spectral miss-match factor is defined as [50] 
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where ESIM is the spectral irradiance (Wm
-2µm

-1
) of the solar simulator light source, ESTD the 

standard solar spectral irradiance (AM1.5G), SREF the spectral response (A/W) of the 

reference solar cell used for setting the solar simulator light intensity, and STEST the spectral 

response of the solar cell under test. Eq. 37 implies that whenever the solar simulator 

spectrum differs significantly from the standard spectrum, the spectral miss-match factor M 

depends on the spectral response of the studied solar cell. Hence, for most accurate results the 

miss-match correction should be done separately for each solar cell sample. In principle, also 

the cell voltage is subject to similar spectral error but to a much smaller extent and is therefore 

normally not corrected for. 

In this work, the solar cell measurements at TKK were performed using an in-house built 

solar simulator based on projector halogen light bulbs, the spectral irradiance of which was 

measured by a spectroradiometer. The solar simulator light intensities were measured and set 

using a reference silicon solar cell (PV Measurements, Inc.) that had an optical filter to mimic 

the spectral response of a typical dye solar cell. The spectral response of the reference cell 

was calibrated by NREL. For simplicity, and due to unavailability of a spectral response 

measurement system, a constant miss-match factor (1.06) calculated based on typical DSC 

spectral response data, was used for all measured cells. The solar simulator used in the work 

done at KTH was calibrated by determining M by outdoor measurements of a typical DSC, 

and using a pyranometer as a reference device that transferred the calibration between the 

outdoor and simulator measurements. 

4.2. Optical characterization 

Optical characterization of the dye solar cell is complicated by the relatively thick 

multilayered structure of the cell and scattering of light by the nanostructured photoelectrode 

film. To reach reliable quantitative results, all scattered light should be detected in the optical 

reflectance and transmittance measurements. This requires using a spectrophotometer 

equipped with an integrating sphere and minimizing the loss of scattered light by preparing 

the optical samples on thin glass substrates [51,52]. For example in Publication V, optical 

samples of pressed TiO2 films were prepared onto microscope cover glass slides. 
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Figure 13. Quantitative estimation of ηLH: 1. optical measurement of cell components, 2. 
extraction of individual component data, 3. calculation of ηLH. 

Another complication arises from the solvatochromic properties of the dye: its molar 

absorption spectrum depends on the solvent surrounding it, e.g. [53]. This can be accounted 

for by preparing optical sample cells where the dyed TiO2 film is surrounded by the same 

solvent as used in the actual solar cells [52]. In practice, the sample film deposited on the thin 

glass substrate is faced with another thin glass substrate and the space in between is filled 

with the solvent. To allow later measurements the optical cell can be sealed permanently 

using a frame of thermoplastic foil. Reflectance and transmittance spectra of the other cell 

components, namely the photoelectrode substrate, the free electrolyte layer and the counter 

electrode can be measured in the same way (Figure 13). 

To extract accurate data that corresponds to the sample film only, the measured reflectance 

and transmittance spectra of the optical cell needs to be interpreted using an optical model that 

accounts for the multiple reflection of light in the multilayered cell structure. However, 

correcting the data only for (one) reflection of light at the front air-glass interface of the 

optical cell may be sufficient for most purposes.  

The absorptance of the dye-sensitized TiO2 photoelectrode film depends essentially on the 

total amount of dye adsorbed in the film. The relative amount of dye in different films can be 

determined by a dye desorption experiment using some extra photoelectrode samples reserved 

for this purpose. 
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After washing off excess (non-adsorbed) dye from the dyed TiO2 films by ethanol and drying 

briefly with a tissue paper the dye is desorbed from the film by soaking it for a few minutes in 

a 10 mM aqueous NaOH solution of known volume. The absorbance spectrum of this solution 

is then measured with standard UV-VIS spectrometry, and the peak absorbance (near 500 nm) 

is used as measure of the relative amount of dye in the solution.  

The absorbance A(λ) of the desorption solution measured in a cuvette with optical length l 

depends on the molar absorption coefficient ε(λ) and concentration csol of the dye in the 

solution. The concentration depends further on the volume of the desorption solution Vsol, the 

volume of the TiO2 film Vfilm and the average dye concentration cfilm in the TiO2 film as 
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The total absolute concentration of the dye in the film can thus be determined based on the 

measured absorbance if ε(λ), Vfilm, and Vsol are known. However, in most cases one is 

interested only in the relative dye concentration in different samples, in which case 

knowledge on the absolute value of ε(λ) is not necessary. 

4.3. Electrochemical impedance spectroscopy 

Our understanding of the photovoltaic function of the dye solar cell may be considered 

sufficient if we are able to formulate a mathematical model that with a fixed set of parameter 

values correctly describes the steady state IV curve of the cell at different operating 

conditions of practical relevance. A good model is detailed enough so that it can explain the 

effects of measurable material properties and structure of the cell on the cell performance. Yet 

the model has best practical value if it is simple enough to provide an intuitive picture of the 

electrical function of the cell and allows straightforward calculations and fitting to 

experimental data using analytical expressions. A particularly useful approach with this 

respect is equivalent circuit modeling that is closely related to the electrochemical impedance 

spectroscopy (EIS). 

In EIS the solar cell is set to desired steady state operating condition (light intensity, 

temperature, etc.) and polarized to a certain point (VCELL, iCELL) along its IV curve (Figure 14). 

A small amplitude harmonic AC voltage modulation VAC(ω,t)  is superimposed on the DC cell 

voltage and the resulting harmonic AC current iAC(ω,t) response is recorded, while varying 

the modulation frequency over a certain frequency range. This yields information on the solar 

cell impedance Z CELL 
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that is a function of the (angular) frequency ω of the AC modulation. Hence the notions 

impedance spectroscopy and impedance spectrum. 
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Figure 14. In impedance spectroscopy, the differential resistance of the solar cell at certain 
point along its IV curve is measured as a function of frequency. 

Due to the small amplitude of the AC voltage modulation, typically 10 mV, the solar cell 

impedance can be regarded as the frequency dependent differential resistance of the IV curve 

(Figure 14). In the limit of zero frequency the total cell impedance corresponds to the slope of 

the IV curve at the point (VCELL, iCELL)  
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Since the IV curve of the cell is non-linear, as well as temperature and light intensity 

dependent, the impedance of the solar cell is a function of the operating point (VCELL, iCELL) 

and the operating conditions of the cell. 

The impedance characteristics of the DSC can be described in a convenient and informative 

way with an equivalent circuit [54-59]. In equivalent circuit modeling individual cell 

components and their interfaces are assigned with resistances that correspond to hindrance of 

charge transport in the material phases and charge transfer across their interfaces, whereas 

charge accumulation is accounted for by capacitive elements. 

Figure 15a shows the general equivalent circuit impedance model of a typical dye solar cell 

[56,59,60]. The impedance components in the model are: 

� rT (Ωm) : Resistivity of electron transport in the nanostructured TiO2 photoelectrode film. 

The total transport resistace of the film is RT = rTd (Ωcm
2
), where d is the film thickness. 

� rCT (Ωm
3
) : Charge transfer (recombination) resistance at the TiO2-dye-electrolyte 

interface per unit volume of the porous photoelectrode. The total recombination resistance 

of the film is RCT = rCT/d (Ωcm
2
). 

� cµ (Ωm
-3

) : (Chemical) capacitance per unit volume of the photoelectrode. 

� RCO (Ωm
2
) and CCO (Fm

-2
) : Contact resistance and capacitance at the interface between 

the conducting substrate and the TiO2 photoelectrode film. 
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� RSU (Ωm
2
) and CSU (Fm

-2
) : Charge transfer resistance and double layer capacitance at the 

substrate-electrolyte interface. 

� RCE (Ωm
2
) and CCE (Fm

-2
) : Charge transfer resistance and double layer capacitance at the 

counter electrode-electrolyte interface. 

� ZD (Ωm
2
) : Mass transport impedance at the counter electrode due to ionic diffusion in the 

electrolyte. 

� RS (Ωm
2
) : Ohmic series resistance of the cell including contributions from the sheet 

resistance of the conducting substrates, electrolyte resistivity and external electric contacts 

and wiring of the cell. 

Note that the photocurrent generation enters the model via current source elements iph (Am
-3

) 

distributed along the photoelectrode film (Figure 15a-b), and that the model neglects 

resistivity of the electrolyte in the pores of the film. When defined in the units of Ωcm
2
, the 

values of the model parameters are independent of the active area of the solar cell. 

Correspondingly, the values of rT, rCT, and cµ are independent of the photoelectrode thickness. 

An exception is the series resistance RS that naturally depends on the cell geometry, but is 

nevertheless reported in Ωcm
2
 by scaling with the active area of the cell. 

Fitting the equivalent circuit model to measured impedance spectrum gives estimates for the 

individual resistances, capacitances, and other model parameters. This is most conveniently 

done using impedance analysis software specifically designed for this purpose, e.g. Zview2 by 

Scribner Associates, Inc. A typical equivalent circuit fitting program has a handy user 

interface for constructing the equivalent circuit by connecting together different impedance 

elements, and a non-linear least squares routine for fitting the model to the experimental data. 

Alternatively, an analytical expression for the impedance can be derived using the basic 

methods of AC electric circuit analysis and used directly with any mathematical software. 

In addition to the simple resistors and capacitors, the equivalent circuit model of DSC (Figure 

15) contains two special impedance components: the so-called transmission line impedance 

ZTiO2 of the nanostructured TiO2 photoelectrode film consisting of the network of the elements 

rT, rCT, and cµ, and the mass transport impedance ZD at the counter electrode [56,59,60]. The 

ideal capacitors are also typically replaced with so-called constant phase elements (CPE) that 

may be regarded as non-ideal capacitors. 

The power of EIS can be appreciated by comparing the steady state (DC) and dynamic (AC) 

response of the equivalent circuits in Figure 15. Remember that a capacitive element conducts 

only AC current and its impedance decreases with increasing frequency. Hence, in the limit of 

zero frequency (steady state) the equivalent circuits of Figure 15a and Figure 15c reduce to 

those in Figure 15b and Figure 15d respectively. I.e. the parallel capacitances can be removed 

since their impedances are infinite at the steady state. The overall steady state (DC) resistance 

of the cell is therefore that of the resistor network in Figure 15d  

 CEDSPECELL RRRRR +++=        (40) 
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Figure 15. Equivalent circuit models of the dye solar cell at different conditions. 
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is the combined resistance of the photoelectrode film and its substrate and RTiO2 is the DC 

resistance of the photoelectrode film according to the transmission line model [56,59,60]. On 

the other hand, at sufficiently high frequencies all the capacitive elements in the cell are 

effectively short circuited and the impedance of the cell reduces to RS, the Ohmic series 

resistance of the cell. 

The beauty of EIS is that between these high and low frequency extremes, the impedance 

spectrum of the cell may contain frequency resolved information that allows determining, by 

model fitting to data, not only the limiting values RS and RCELL, but also all the individual 

(partial) cell resistances that contribute to RCELL according to the equivalent circuit model (eq 

40). The reason for this is that whenever a resistance component R is coupled to a parallel 

capacitance C, it gives rise to an impedance arc in the complex plane plot centered at the 

characteristic frequency f
*
 = (2πτ)-1

, where τ is the corresponding characteristic (RC) time-

constant τ = RC. At much lower frequencies than f
*
 the impedance of the RC parallel 

connection equals R, whereas at frequencies much higher than f
*
 the resistance becomes short-

circuited by its parallel capacitance and the RC-impedance approaches zero. 

Coincidently, due to the materials and structure of the standard DSC, all of its important 

impedance components exhibit largely different time constants and can thus be separated in 

the impedance spectrum. This enables fractioning the total internal cell resistance of the DSC 

into the partial contributions from the different cell components and interfaces by EIS. 

As an example, Figure 16 shows typical impedance spectra of DSCs with TiO2 photoelectrode 

films prepared with the compression technique either with (“Sintered”, “S”) or without 

(“Pressed-only”, “P”) additional heat treatment at 450 ºC for 1 hour. In both cases the 

resistance components RS, RCE, RTiO2, and RD can be distinguished in the complex plane 

impedance plot. In the case of the sintered film, the impedance arc corresponding to RTiO2 is 

close to a symmetric semicircle. This is an indication of the condition that the electron 

diffusion length L is longer than the TiO2 film thickness d, and occurs when the electron 

transport resistance RT = rTd is negligible compared to the electron recombination resistance 

RCT = rCT/d [60]. In contrast to this, in the pressed-only cell the RTiO2 impedance arc is 

strongly distorted taking the shape of the so-called Gerischer impedance. This is obtained 

when L < d, corresponding to RT > RCT [60]. A long electron diffusion length (L >> d) is a 

prerequisite to a high performance solar cell, and in this case, the pressed-only cell fails to 

meet this criterion. Indeed, the cells of this type were found to suffer from severe photocurrent 

limitations due to too short L and correspondingly low electron collection efficiency 

(Publication V). 
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Figure 16. Examples of impedance spectra of dye solar cells measured at the open circuit 
conditions under illumination. a) Sintered TiO2 film, b) pressed-only TiO2 film, c) the 
imaginary part of the impedance, d) the real part of the impedance. Film thickness d = 22 

µm. The open circuit voltage was 0.791 V for the sintered cells and 0.743 V for the pressed-
only cells. 
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4.4. Analysis of the IV curve based on impedance 

In addition to EIS data analysis, the equivalent circuit can be used as a basis for analytical 

modeling of the solar IV curve. Its relation to the differential cell resistance RCELL, measurable 

with EIS as a function of current density (i = iCELL) is 
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According to eq. 40, RCELL is the sum of the internal cell resistances including the 

photoelectrode 
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These resistances give rise to voltage losses Vk over the components due to electric current 

flowing in the cell as discussed in Chapter 3.3. The solar cell IV curve can thus be written as 
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Note that in eqs. 42 we have chosen the open circuit state (iCELL = 0, VCELL = VOC) as a known 

reference point. This is a practical choice since at the open circuit all other parts of the cell 

except the photoelectrode are in equilibrium, i.e. non-polarized (Vk = 0). Figure 17 clarifies 

the definitions of the internal voltage losses and currents in the DSC. 

Eqs 45 and 47 describe the factors that determine the IV characteristics of the dye solar cell. 

Light absorption at the photoelectrode generates an open circuit voltage VOC. Connecting a 

load resistance in the cell allows extracting current from the cell with the expense that the cell 

voltage decreases. This voltage drop arises firstly from the IV characteristics of the 

photoelectrode and secondly from the voltage losses due to the additional internal resistances. 

Hence, in the performance optimization of the DSC it is necessary both to optimize the 

photoelectrode function and to minimize the internal cell resistances. 
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Figure 17. Overview of the internal voltages and currents in the dye solar cell. 

4.5. Intensity modulated photocurrent and photovoltage 
spectroscopy 

In addition to EIS important dynamic information of the dye solar cell operation can be 

obtained by measuring the response of the cell to small amplitude light intensity modulation. 

The two closely related experimental techniques based on this principle are called intensity 

modulated photocurrent spectroscopy (IMPS) and intensity modulated photovoltage 

spectroscopy (IMVS).  

Like in EIS, in IMPS and IMVS the solar cell is first stabilized to desired steady state working 

conditions defined by the incident light intensity and cell temperature. In the IMPS 

experiment (Figure 18) the solar cell is held at fixed voltage (potentiostatic control) and the 

AC current response iCELL,AC(ω,t) of the cell is recorded and compared with the simultaneous 

AC light intensity signal ΦAC(ω,t) giving the IMPS transfer function of the cell 
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In the IMVS experiment (Figure 18) the solar cell is held at fixed current (galvanostatic 

control) and the AC voltage signal VCELL,AC(ω,t) is recorded against the intensity modulation 

yielding the IMVS transfer function defined as 
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Figure 18. Relation between IMPS, IMVS, EIS and the steady state solar cell IV curve. 

The source for the DC illumination may be a solar simulator, some other “white light” source, 

or a monochromatic light source such as a high power LED. The intensity modulation is most 

conveniently implemented using an LED with desired wavelength. In the simplest case a 

single LED provides both the background intensity and its small amplitude modulation. The 

IMPS and IMVS transfer functions are measured by feeding the measured incident light 

intensity and the cell current (IMPS) or voltage (IMVS) signals as inputs to a lock-in 

amplifier or a frequency response analyzer (FRA). 

Both the IMPS and IMVS spectra display (usually) only one characteristic frequency ωIMPS 

and ωIMVS corresponding to time constants τIMPS = ωIMPS
-1

 and τIMVS = ωIMVS
-1

 (Figure 19). 

Interpretation of these time constants requires a mathematical model of the dynamic 

photocurrent and photovoltage response of the cell. The model of choice for this purpose has 

been the time-dependent standard diffusion model presented in the Appendix and analyzed in 

detail in Publication VI.  

According to the standard diffusion model, the IMPS and IMVS time constants are related to 

the diffusion coefficient (D), lifetime (τ), diffusion length (L), and collection efficiency (ηCOL) 

of electrons in the photoelectrode film of thickness d according to the following 

(approximate) relations 
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Figure 19. Examples of open-circuit-IMVS and short-circuit-IMPS spectra of pressed and 
sintered (red) and pressed-only (blue) dyed TiO2 photoelectrodes. a) Imaginary part vs. 
frequency b) complex plane plot. The peaks in the imaginary part correspond approximately 

to the characteristic frequencies of electron transport (ωIMPS) and recombination (ωIMVS). In 

this case, electron transport appears to be faster (higher ωIMPS) and the recombination slower 

(lower ωIMVS) in the sintered films. 
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where a ≈ 0.393 for very weakly absorbed modulated light. However, these relations are valid 

only in the limit of high electron collection efficiency and uniform generation profile. In the 

general case, exact analysis of the IMPS and IMVS spectra with the time-dependent diffusion 

model is required as discussed in Publication VI. 

Another, more fundamental problem related to the dynamic characterization of dye solar cells 

has been pointed out theoretically by Bisquert and Vikhrenko [61]: the measured τIMPS and 

τIMVS do not, in fact, yield information (D and τ) relevant for the steady state cell 

performance. This is because both the dynamic photocurrent and photovoltage response of the 

cell is dominated (slowed down) by filling and emptying a large density of electron trap states 

in the semiconductor band-gap (Figure 20). 

When electron trapping and de-trapping is much faster compared to the electron transport and 

recombination, as well as the light modulation, the electron concentration in the conduction 

band (nCB) and localized traps states (ntrap) remain in common equilibrium with each other 

during the transient measurement, i.e. they a characterized by a common (modulated) Fermi-

level EF. Assuming this quasi-static condition [61], and further that the trap states do not 
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contribute to electron recombination and transport, the dynamically measured Dµ and τµ are 

related to the electron diffusion coefficient and lifetime of the conduction band electrons D 

and τ roughly as [61] 
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In this special case, the electron diffusion length Lµ calculated from the dynamic Dµ and τµ 

does, in fact, correspond to its conduction band value L, since the factors ∂nCB/∂ntrap in the 

above equations cancel each other when forming the product Dτ 

LDDL =≈= ττ µµµ        (56) 

Unfortunately, the validity of eq. 56 in realistic DSCs, to accuracy relevant for estimating 

their steady state ηCOL, is presently unknown. Hence, the suitability of the prevalent dynamic 

techniques for estimating the L and ηCOL based on Dµ and τµ is uncertain until they are 

verified experimentally against steady state data. This is an important and topical question of 

fundamental DSC research [62,63]. The present work makes a contribution to this question by 

presenting a method for estimating L based on steady state data (Publication V) and another 

method (Publication VI) for determining Dµ and τµ consistently with it, i.e. with eq. 56 (see 

Chapters 5.5 and 5.8 for further discussion). 

 

Figure 20. In the quasi-static conditions, dynamic displacement of the electron Fermi-level in 
the TiO2, induced by modulation of the light intensity (IMPS, IMVS) or the cell voltage (EIS), 
is slowed down by the time required for charging and discharging the large capacitance 
associated with the localized band gap (trap) states in the TiO2. 
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4.6. Relation between IMPS, IMVS and EIS 

If the same light modulation is used both in the IMPS and IMVS experiments, the measured 

transfer functions are related to the impedance of the cell according to 
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ω
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∗

=
F

F
Z        (57) 

This can be readily seen by comparing eq. 38 with eqs. 48, and 49, and appears in the 

theoretical results of Bay and West [58]. Indeed, since the IMPS and IMVS transfer functions 

are measured at potentiostatic and galvanostatic conditions respectively, they constitute an 

orthogonal basis of the current-voltage space. When measured with the same light modulation 

amplitude, they are exactly the orthogonal components of the cell impedance. Figure 18 

clarifies this issue. Note that this relation (eq 57) is fundamental, and hence, valid for any 

solar cell regardless of its properties and function. 

The quantitative correspondence of the EIS, IMPS and IMVS transfer functions means that 

they contain similar dynamic information of the solar cell operation. For example, the voltage 

relaxation time constant of the photoelectrode, interpreted as electron lifetime, can be 

determined equally well with EIS or IMVS [54]. Also, the electron diffusion length that is 

often estimated by combining IMPS and IMVS data [64] can be determined alternatively by 

EIS [56,60]. Eq. 57 also means that it suffices to measure only two of the three transfer 

functions EIS, IMPS, and IMVS – the third follows from eq. 57. 

In fact, combined IMPS, IMVS, and EIS performed at the same working conditions and 

analyzed in light of eq. 48 should be a fruitful approach to detailed performance 

characterization of DSCs. The additional degree of freedom introduced by the light intensity 

modulation in the IMPS and IMVS should facilitate better resolution of the dynamic 

characteristics of the cell compared to EIS only. This possibility has remained so far 

unexplored. 
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5. Results and Discussion 

5.1. Spray deposition and compression of nanoparticle electrodes 
on ITO-PET plastic substrates (Publication I) 

The standard method of preparing nanostructured TiO2 photoelectrodes on glass starts by 

depositing a film of TiO2 nanoparticle paste on the substrate by screen printing. This is 

followed by drying the film and heat treatment at 450-550 °C for 30-60 min. The paste 

contains typically organic surfactants and binders that help depositing a uniform film that 

maintains its integrity and adherence on the substrate during the drying and heating steps. The 

purpose of the heat treatment is to burn off these organic substances and to sinter the 

individual TiO2 nanoparticles together forming a film with good physical and electrical 

interparticle contacts. The paste may also contain porosity controlling agents that modify the 

microscopic morphology of the resulting nanostructured film. 

Due to the high-temperature step involved, this standard method cannot be used for making 

flexible dye solar cell on plastic substrates. The temperature limit of the widely used indium-

tin-oxide (ITO) coated polyethyleneterephtalate (PET) plastic foils is ca. 150 °C. This rules 

out the common organic surfactants and binders in the TiO2 paste, and means that alternative 

methods for the TiO2 film deposition and post-treatment are needed. A large number of 

different techniques have been developed for this purpose, as listed briefly in Publication I. 

From the point-of-view of fast roll-to-roll processing, a particularly interesting method for the 

preparation of nanoparticle films on plastic substrates is the so-called room-temperature 

compression technique [65,66]. In this method, adhesion and electrical contact formation 

between the nanoparticles is obtained by simple and quick static [65-72] or dynamic [65,73] 

mechanical pressing. To take full advantage of this rapid processing, also the deposition of the 

nanoparticle film should be a fast and continuous process that is capable of producing several 

tens of micrometers thick uniform electrode films. In this work, spray deposition of powder 

suspension was found to meet these criteria, as reported in Publication I. 

The simplest conceivable way of depositing a film of TiO2 nanoparticles on a plastic substrate 

at low temperature is to mix the particles in pure ethanol or water, deposit this suspension on 

the substrate, and let it dry in air at room temperature. The problem with this is that without 

surfactants and binders, the stresses and strains in the particle suspension lead to cracking of 

the film during drying [74]. The problem is more severe for thicker films, can lead to flaking 

of the fill, and prevents obtaining sufficiently thick films in a single deposition-compression 

cycle (Figure 21). This is essentially the same phenomenon as the well-known cracking of 

clay [75]. More generally, compaction and cracking of colloidal suspensions during drying is 

a complex phenomenon that is not fully understood and a subject of active research due to its 

importance in many industrial applications. 
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Figure 21. Optical microscope images of crack formation in spray deposited TiO2 films. Top: 
Distribution of a small amount of TiO2-water suspension on a glass slide a) during and b) 
after drying. The retracting edge of the drying suspension draws TiO2 powder material within 
the liquid phase, accumulating and consolidating the material to form thin ridges on the 
substrate. c) Effect of film thickness on the crack formation in spray-deposited TiO2 powder 
film. Too fast deposition has led to severe cracking of the film. 

In the present case the cracking problems were solved by spraying the TiO2 nanoparticle 

powder on a substrate heated at ca. 100 ºC, followed by room temperature compression of the 

powder film (Publication I). The success of the spray deposition is based on the fact that the 

powder material is brought to the substrate within small droplets. When the evaporation of the 

solvent is sufficiently fast compared to the deposition rate, the powder aggregates in each 

droplet are able to sustain their integrity during drying of the film. As a result, stresses and 

strains in the drying film are consumed by the growth of the voids between the powder 

aggregates rather than formation of macroscopic cracks in the film. Naturally, the evaporation 

rate of the solvent sets an upper limit to the film deposition rate. If the deposition rate is too 

high, the film becomes too wet and the powder aggregates collapse leading to cracking of the 

film. 

The compression method was particularly suitable, in fact necessary, as a post-treatment of 

the highly porous as-deposited TiO2 powder films. The compression was able to redistribute 

the TiO2 nanoparticle material over the substrate to some extent, so that most of the 

macroscopic voids present in the as-deposited film were closed. As a result of the combined 

spraying and compression, up to 14 µm thick smooth and uniform nanostructured TiO2 films 

could be prepared on plastic substrates reaching up to 2.8 % solar cell efficiency when used as 

photoelectrodes in the DSC. Although scaling up of the method was not investigated in this 

work, it can be considered suitable for continuous roll-to-roll deposition of nanoparticle films 

at low temperatures for flexible DSCs. The method is relatively fast, the materials used are 

cheap (only TiO2 and water), and it is suitable for covering large areas. 

Recently, Yamaguchi et al. [71] achieved an excellent 7.4 % cell efficiency under 1 sun 

illumination for a fully plastic DSC using TiO2 photoelectrodes prepared by static 

compression on ITO-PEN substrate. The high performance was reported to be a result of 

systematic optimization of the TiO2 film preparation including: (1) use of in-house 

synthesized TiO2 nanoparticles instead of the commercial P25 powder, (2) addition of larger 
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light scattering TiO2 particles in the photoelectrode film to improve light harvesting, (3) use 

of water instead of ethanol in the TiO2 suspension, (4) UV-O3 treatment of the ITO-PEN prior 

to the TiO2 film deposition, and (5) optimization of the TiO2 film thickness. The high cell 

performance achieved by Yamaguchi et al. [71] may be further explained by the lower sheet 

resistance of the ITO-PEN (13 Ω/sq.) compared the ITO-PET (50-60 Ω/sq.) and the use of 

lower viscosity acetonitrile instead of methoxypropionitrile as the electrolyte solvent.  

If we compare the 7.4 % efficiency obtained by Yamaguchi et al. on ITO-PEN [71] with the 

10.2 % reported by the same research group on glass [18], we may conclude that the DSC 

technology can be transferred from the rigid glass substrates to flexible plastic substrates with 

relatively small loss in cell performance. This is a very encouraging result regarding the 

realization of DSCs as a flexible PV technology. 

5.2. Impedance spectroscopy of pressed counter electrodes on 
ITO-PET plastic substrates (Publication II) 

The counter electrode of a glass based DSC is usually a TCO-coated glass with a small 

amount of Pt catalyst deposited on the TCO surface. In the most frequently used method [76], 

a drop of liquid Pt precursor solution (e.g. PtCl4 in isopropanol) is distributed on the substrate 

and let to dry in air. Thermal treatment in air at 385 ºC decomposes the Pt precursor forming 

Pt nanoparticles adhered on the substrate. The method is simple and the resulting Pt layer has 

excellent catalytic activity [76,77]. 

With plastic substrates the thermal Pt catalyst deposition needs to be replaced by a low-

temperature process. Lindström et al. [65] showed that good solar cell performance can be 

achieved with counter electrodes prepared by mechanical pressing of conducting catalyst 

particles on the ITO-PET at room temperature in the same way as making the pressed TiO2 

photoelectrodes. In Publication II we used the combined spraying and compression method 

studied in Publication I to deposit the powder counter electrode materials proposed by 

Lindström et al. [65] on ITO-PET plastic substrates and investigated their electrocatalytic 

performance by impedance spectroscopy. 

Using a common organic liquid electrolyte, the charge transfer resistance (RCE) of the 

prepared 10-20 µm thick carbon powder counter electrodes was excellent, RCE = 0.5-2 Ωcm
2
, 

being comparable to commonly used sputtered or thermal Pt catalysts [77]. Also 20-40 µm 

thick porous platinized Sb-doped SnO2 electrodes showed satisfactory catalytic activity with 

RCE = 8-13 Ωcm
2
. While the both type of electrode films showed fair adherence to the ITO-

PET substrate, the thickest films had some tendency to flaking and peeling off. It seems that 

additional reinforcement and binding of these porous electrode films is most likely needed to 

facilitate roll-to-roll manufacturing of mechanically durable flexible DSCs. This could 

perhaps be achieved by mixing suitable polymers to the powder suspension. 



 48 

 

Figure 22. Left: The cell configuration used in Publication II. Right: measured impedance 
spectra showing an additional (anomalous) impedance arc at the high frequencies. [116]  

 

Figure 23. Transmission line representation of the distributed impedance of a thin layer 
electrochemical cell with active (electrode) and inactive (ITO) areas exposed to the 
electrolyte. The figure shows the equivalent circuit of the half cell neglecting the mass 
transport impedance and the resistance of the electrolyte. 

As a secondary matter, Publication II reports a lesson learned in impedance spectroscopy of 

thin layer electrochemical cells. The charge transfer resistance of the counter electrode films 

was measured using a symmetric CE-CE cell configuration. The impedance spectrum of these 

cells was found to exhibit an anomalous impedance arc at the high frequencies (Figure 22 

right). Correct interpretation of the data was possible only after the reason for this was 

identified. The effect arises from the impedance of the ITO-electrolyte interface in the 

electrolyte filling channels cut to the edge sealant polymer (Figure 22 left) and its coupling 

with the actual electrode impedance via the sheet resistance of the ITO substrate (Figure 23). 

The problem was solved by separating this parasitic impedance from the actual electrode area 

by cutting a gap in the ITO layer.  

The lesson learned is that in a thin layer electrochemical cell, where current is collected 

laterally along the substrates, the series resistance due to the conductive substrate has a 

distributed nature [78] corresponding to a transmission line [79]. The effect is most significant 

when the sheet resistance of the substrate is high compared to the total impedance of the cell. 

In that case, the current distribution in the cell becomes two-dimensional and frequency-

dependent, and can no longer be modeled with a lumped equivalent circuit. The practical 

example of Publication II highlights the importance of understanding the influence of 

geometric and parasitic impedances on the EIS data and minimizing them by careful design of 

the EIS measurement cell. 



 49 

5.3. Electrochemical characterization of stainless steel based dye 
solar cells (Publication III) 

The restriction of the solar cell processing to low temperatures with the ITO-PET plastic 

substrates can be circumvented by using flexible metal substrates instead. The most 

commonly used material in flexible PV in general is stainless steel [15]. Flexible stainless 

steel (StS) sheets were introduced to DSC first as the counter electrode substrate [80] and 

soon later as a conducting support for the photoelectrode [81]. Respectable solar cell 

efficiencies of 9.15 % [82] with stainless steel counter electrode (StS-CE) and 8.6 % [83] with 

stainless steel photoelectrode (StS-PE) have been demonstrated recently.  

The purpose of the work reported in Publication III was to carry out a detailed 

electrochemical characterization of the influence of the stainless steel substrate on the DSC 

performance when used either at the photoelectrode of counter electrode side of the cell, using 

fully glass based cells as a point of comparison. The purpose of the experiments was to 

distinguish the role of the different types of electrodes, substrates, and cell configurations in 

determining the cell performance. 

Stainless steel 304 (Outokumpu Ltd.) was found to posses excellent electrochemical 

properties for its use as a conducting substrate in the DSC. When used to replace FTO-coated 

glass at the photoelectrode side, the conversion efficiency (4.4 %) of the solar cells at 1 sun 

illumination was lower than in the glass based cells (5.2 %) due only to the optical losses 

inherent to the StS-PE cell configuration in questions. As the light comes from the counter 

electrode side, it is partially absorbed by the Pt catalyst and bulk electrolyte layers. These 

optical losses can be avoided by using the stainless steel as the counter electrode substrate, i.e. 

StS-CE configuration. In that case however, the catalytic activity of the Pt deposited on the 

stainless steel was lower than on the FTO glass (larger RCE), which resulted in fill factor 

losses (Figure 24). 

Electrochemical characterization by EIS, open circuit voltage decay and polarization 

measurements revealed that when used as the photoelectrode substrate, the stainless steel had, 

nevertheless, an effect on the function of the TiO2 photoelectrode: it lowered the 

recombination resistance of the TiO2 photoelectrode film and shortened the electron life time. 

However, these effects were significant only at relatively low negative polarization of the 

photoelectrode, and hence, did not impair the photovoltaic performance of the cells at high 

light intensity. Unfortunately, the stability of the stainless steel based cells was poor [84]. 

Based on our observations, to be reported in detail elsewhere, it seems that, although very 

good initial cell performance can be reached with uncoated stainless steel substrates, they 

need to be coated with a protective layer until satisfactory long-term stability can be reached. 

As an additional contribution, Publication III demonstrates how current dependent EIS can be 

used to factor the steady state IV curve of the cell to partial contributions from different series 

connected internal cell resistances without using additional reference electrodes. This method, 

described in Chapter 4.4, is particularly useful for studying performance and stability of 

permanently sealed DSCs. Note that using reference electrodes in the thin solar cell structure, 

e.g. an add-layer of porous Ti metal [85] or a Pt wire [86], could pose the risk that the cell 

stability and operation are influenced by the foreign materials of the reference electrode and 

its effect on the structure of the cell. With EIS the electrical characteristics of the individual 

cell components in a typical DSC can be determined without modification of its structure and 

materials. 
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Figure 24. Comparison of stainless steel and glass based dye solar cells. a) IV 
characteristics at 1000 W/m2

 AM1.5G equivalent illumination. b) Schematic representation of 
the cell structures studied in Publication III. [117] 

5.4. Substrate mediated recombination and contact resistance in 
pressed TiO2 photoelectrodes on ITO-PET plastic (Publication 
IV) 

The purpose of the work reported in Publication IV was to investigate the role of the ITO-

PET plastic substrate on the photovoltaic and electrochemical performance of the DSC. 

Similar experiments as in Publication III were carried out using again FTO-coated glass 

substrates as a point of comparison. 

Flexible plastic DSCs may find use first in low power applications that operate at low light 

intensities. To maintain good performance at low light intensity, the solar cell must have 

excellent rectifying diode characteristics, i.e. very low leakage or “dark” current density. An 

issue of particular importance in DSCs with this respect is the back reaction of electrons with 

tri-iodide ions in the electrolyte at the substrate-electrolyte interface. This additional electron 

recombination pathway works like an internal voltage dependent shunt resistance in the cell 

and can cause significant loss of cell performance, in particular VOC, at low light intensities. 

This occurs with the standard FTO-glass substrates [87], and turned out to be the case also 

with the ITO-PET substrates used in this work (Figure 25b, Publication IV). In fact, the ITO-

PET was found to have electrochemical characteristics very similar to the FTO-glass. 

In order to suppress the substrate leakage current, compact TiO2 recombination blocking 

layers were deposited on the ITO-PET by low-temperature atomic layer deposition (ALD). 

The blocking layers had two kinds of effects. On one hand they were very effective in 

suppressing the triiodide reduction reaction at the ITO-electrolyte interface, leading to 

improved VOC at low light intensities (Figure 25b). On the other hand, as the compact TiO2 

layer was situated between the ITO and the TiO2 photoelectrode film, it introduced a contact 

resistance (RCO) between them. This resistance component could be identified by impedance 
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spectroscopy (Publication IV), and caused decrease of the fill factor and cell efficiency 

(Figure 25a). 

The contact resistance was found to be reduced by heat treatment at 450 ºC that induced 

crystallization of the amorphous low-temperature deposited ALD TiO2 layer, thereby 

improving its conductivity. Indeed, 35 nm thick ALD blocking layers worked well with high-

temperature sintered TiO2 photoelectrodes on FTO-glass, but completely blocked current 

collection from low-temperature compressed TiO2 films on ITO-PET. 

The results indicate that in order to reach positive effect on the cell performance at high light 

intensities, where the effect of the internal cell resistances are emphasized due to high current 

densities, this type of low-temperature ALD TiO2 blocking layers need to be extremely thin, 

below 4 nm. Actually, the thinner the blocking layer the better, as long as satisfactory 

suppression of the leakage current is maintained – thinner ALD layers are faster and cheaper 

to produce. 

 

Figure 25. Comparison of dye solar cells with pressed TiO2 photoelectrodes on ITO-PET or 
FTO-glass substrates and the effect of ALD TiO2 blocking layers. a) IV characteristics at 
1000 W/m2

 AM1.5G equivalent illumination. b) Effect of ligh intensity (proportional to iSC) on 
the open circuit voltage. [119] 

5.5. Quantitative estimation of the light harvesting, electron 
injection and charge collection efficiencies by optical and IPCE 
measurements (Publication V) 

Nanostructured TiO2 photoelectrode films prepared below 150 ºC give typically lower short 

circuit current densities (iSC) compared to similar films that have been subject to heat 

treatment above 450 ºC [68,70,72,88-90]. This was also the case with the pressed TiO2 

photoelectrodes studied in this thesis (Publications I, IV, and V). One of the reasons for this is 

that at high temperature, the TiO2 nanoparticles sinter slightly together forming good 

electrical contact between them. Without sintering the interparticle contacts tend to be 

insufficient and act as bottle-necks to electron transport. This decreases the diffusion length 

and collection efficiency of the electrons, and hence, the photocurrent output of the solar cell. 

Indeed, low-temperature fabrication of nanostructured photoelectrode films with good 
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conductivity and long electron diffusion length is the main problem for realizing high 

performance DSCs on flexible plastic substrates. 

Nevertheless, replacing the conventional high-temperature sintering method with an 

alternative low-temperature one can change also many other properties of the photoelectrode 

besides electron transport. Organic residues and other impurities left on the TiO2 surface due 

to absence of heating may change the amount of adsorbed dye molecules and their electron 

injection properties, affect electron recombination, or shift the TiO2 conduction band edge 

position. Sintering may also influence the light scattering properties of the film by modifying 

its structure or the shape of the TiO2 particles.  

It follows that, if one aims to a quantitative understanding of the performance limiting factors 

of low-temperature prepared DSCs, many different effects need to be taken into account. The 

difficulty with this is that not all of these effects necessarily decrease the cell performance, 

but may instead improve it, and the observed differences in the solar cell IV curve and 

conversion efficiency may be a result of negative and positive changes that partially 

compensate each other.  

Hence, to make systematic progress in the development of DSCs we need simple yet accurate 

experimental techniques that enable us to decouple and quantify the different factors that 

determine the cell performance. Development of such methods for identifying the 

photocurrent limitations in DCSs is the main contribution of Publications V and VI. 

As described in Chapter 3.1, the iSC of the DSC at given illumination depends on its spectral 

quantum efficiency (IPCE) that consists of the partial efficiencies of light harvesting (ηLH), 

electron injection (ηINJ), and electron collection (ηCOL) 

( ) ( ) ( ) ( )( )λαηληληλη ,,, COLINJLHIPCE dLd=       (58) 

Each of these factors is generally a wavelength dependent property of the dye-sensitized 

semiconductor photoelectrode. In order to understand the reasons for a limited iSC, each of 

them needs to be determined at conditions relevant to the normal solar cell operation. 

The ηLH can be estimated by careful optical characterization of the cell components and 

application of an optical model (Chapter 3.1.1), and combined with measured IPCE to 

determine the absorbed-photon-to-collected electron efficiency (APCE) 
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The ηINJ has normally been measured using relatively complicated kinetic techniques such as 

ultrafast transient absorption spectroscopy [91,92], time-resolved single-photon counting 

[62,93], time-resolved photoacoustic calorimetry [94], etc. [92]. However, these techniques 

require special expertise and equipment that are not available in most of the laboratories 

engaged with the research and development of DSCs. Perhaps partly for this reason, it has 

been a common assumption in many studies that ηINJ ≈ 100 %, e.g. [95,96], which is indeed 

the case in high performance DSCs, e.g. [97-99]. 

The first attempts to estimate ηCOL were based on interpretation of the features of measured 

IPCE spectra by the standard diffusion model [96,100,101]. Studying unsensitized TiO2 
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nanoparticle electrodes in the UV region, Södergren et al. [96] showed that if the spectral 

absorption coefficient α(λ) and the thickness (d) of the TiO2 film are known, the electron 

diffusion length (L) can be estimated by fitting the diffusion model to the IPCE data. 

Lindström et al. [100] extended this method to dye-sensitized nanostructured TiO2 

photoelectrodes and found qualitative agreement of the diffusion model with respect to the 

variation of d and the direction of illumination. Nevertheless, they did not pursue quantitative 

estimation of L. Boschloo and Goossens [101] applied the IPCE analysis to porphyrin-

sensitized DSCs. In particular, they used the difference between IPCE at PE and CE 

illumination to conclude that L < d in their solar cells, and used the ratio of IPCE at two 

different wavelengths to derive an estimate for L. 

In these early works, the IPCE analysis relied on the assumption that ηINJ was either 100 % 

[96,100] or independent of the light wavelength [101]. In the work reported in Publication V, 

we developed the IPCE based approach further and showed that these assumptions can be 

relaxed: the characteristics of the diffusion model enable quantitative decoupling of ηAPCE into 

its ηINJ and ηCOL parts even in the general case when both of them are less than 100 % and 

wavelength-dependent. 

Two methods were developed for this purpose (Publication V). One of the methods named the 

IPCE-ratio is particularly useful since it allows estimation of L and ηINJ at each wavelength 

based on no more than two IPCE measurements of a single DSC taken at the same conditions: 

one with illumination from the photoelectrode (PE) side and one with the opposite, counter 

electrode (CE) side illumination. The only additional information required is the thickness (d) 

and light absorption coefficient (α) of the photoelectrode film, and the optical losses 

associated with the both illumination directions. All of these can be determined by 

independent experiments. The method is explained by the following equations. 

The ratio of the IPCE at CE vs. PE illumination can be expressed as 
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Since ηINJ and the absorptance of the photoelectrode film are independent of the direction of 

light they cancel out in eq. 60. Applying the simple optical model described in Chapter 3.1.1, 

eq. 60 can be rearranged to 
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The standard diffusion model gives the ηCOL-ratio on the left hand side as a function of d, α, 

and the diffusion length L. Hence, when d, α, the IPCE-ratio, and the optical transmittances 

on the right hand side are measured independently, L can be estimated by simple fitting of eq. 

61 to these data. 

Once L is known, it can be used to calculate ηCOL by the diffusion model. The ηINJ can 

thereafter be estimated based on the measured ηIPCE, optically determined ηLH and the 

diffusion-model-calculated ηCOL as 



 54 

( ) ( )
( ) ( )( )λαηλη

λη
λη

,,, PECOL,PELH,

PEIPCE,

INJ
dLd

=       (62) 

using data corresponding either to the PE illumination (as in the above expression) or CE 

illumination. Both will give the same result by definition. 

Note that exact calibration of the photon flux used in the IPCE measurement is not needed for 

the estimation of L by the IPCE-ratio: All light intensity calibration factors cancel out when 

calculating the IPCE-ratio. This simplifies considerably the IPCE experiments and improves 

the accuracy of the L estimates. On the other hand, estimation of ηINJ does require exact light 

intensity calibration since it is based on the absolute value of the IPCE (eq 62). 

The main advantage of the IPCE-ratio method is that it is inherently consistent with the steady 

state photocurrent output of the cell. Nevertheless, its capability to estimate ηINJ and L 

correctly depends on the validity of the standard diffusion model in reality. This needs to be 

verified by comparison to other, independent, methods for determining ηINJ and L, and by 

checking the consistency of the their estimated values with other aspects of the solar cell 

function. 

Encouraging results with this respect was recently reported by Barnes at al. [62] who applied 

the IPCE-ratio method to an extensive set of standard DSCs with varied electrolyte 

composition and TiCl4 treatment of the photoelectrode film. The authors found that the ηINJ 

values determined by the IPCE-ratio were in quantitative agreement with those derived from 

time-correlated single-photon counting, and further, they correlated expectedly with the 

relative TiO2 conduction band-edge position and VOC of the cell. These results are the first 

independent experimental verification of the IPCE-ratio method and confirm its utility for 

studying the photocurrent limitations in DSCs. 

5.6. Photocurrent limiting factors of pressed TiO2 dye solar cells 
(Publication V) 

In Publication V, the new IPCE based methods were used to study the photocurrent limiting 

factors in pressed DSCs. Two types of cells were investigated: with or without high-

temperature sintering of the nanostructured TiO2 photoelectrode film prepared by the room-

temperature compression on FTO-glass substrates. The high temperature sintering had an 

effect of more than doubling the iSC from 5.0 mA/cm
2
 to 9.7 mA/cm

2
 and the cell efficiency 

from 2.6 % to 5.5 %. 

Optical characterization showed that ηLH was very good in these cells, reaching over 80 % at 

the maximum at 535 nm and being as high as 60 % still at 700 nm with the thickest films 

(Figure 26). However, their photocurrent generation was significantly limited by a low and 

wavelength dependent ηINJ (ca. 49 % at maximum). The likely reason for this is poor 

energetic match between the excited states of the dye and the TiO2 conduction band states due 

to the specific electrolyte composition used in these cells. Without sintering the TiO2 film, the 

iSC was further limited by a low ηCOL, as expected. 

What was not expected however, was that L, and even ηCOL, increased with the 

photoelectrode film thickness (Figure 26). The likely reason for this is improvement of the 

film quality as a function of thickness, and this is also supported by impedance results 
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discussed in Chapter 5.9 below. Indeed, thicker pressed TiO2 films had smaller porosity 

(Publication V), which is known to improve electron transport in the disordered nanoparticle 

network [102-104]. 

While optimization of the iSC of pressed TiO2 DSCs was not investigated in this thesis, the 

results of Publication V give clear guidelines to it. Increasing ηINJ close to 100 % should be 

possible by changing the electrolyte composition to a one that favors electron injection by 

lowering the TiO2 conduction band position relative to the LUMO levels of the dye, and if 

necessary, purifying the dye and optimizing dyeing conditions to prevent dye aggregation.  

Improvements to ηCOL could be sought along the lines demonstrated by Yamaguchi et al. [71] 

(see Chapter 5.1). 

 

Figure 26. Left: Light harvesting efficiency of dye solar cells with pressed 3-23 µm thick TiO2 
photoelectrodes. Right: Steady state electron diffusion length determined with the IPCE-ratio 
method. Data from Publication V. [118] 

5.7. Effect of non-uniform light absorption and inefficient electron 
collection on the IMPS and IMVS response (Publication VI) 

Quite soon after Södergren et al. [96] had demonstrated the idea of using spectral IPCE 

measurements for studying electron transport in nanostructured photoelectrodes, this steady 

state approach was replaced by newly developed dynamic photocurrent and photovoltage 

techniques, such as the IMPS [79] and IMVS [105,106]. The advantage of these techniques 

over IPCE was that they gave estimates separately for the electron diffusion coefficient D and 

lifetime τ (see Chapter 4.5). The use of these dynamic methods over the years generated a 

great deal of what is currently known on the electron transport and recombination dynamics 

of the DSC. At the same time they were established as the standard methodology for the 

experimental evaluation of ηCOL (Chapter 3.1.3), and hence, were also used and studied in this 

thesis. 

As a part of the author’s work at KTH in 2005, comprehensive experiments with IMPS and 

IMVS in combination with other “toolbox” [68] techniques were carried out using the same 

36 pressed TiO2 dye solar cells that were studied by optical and IPCE techniques in 
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Publication V. In half of the cells the pressed TiO2 films had been additionally sintered at 450 

ºC for 1 h while the other half had pressed-only films. The photoelectrode film thickness 

ranged between 3 µm and 23 µm in six categories, each having three identical samples. 

Short-circuit-IMPS and open-circuit-IMVS measurements were carried out at six different 

light intensities, from 0.47 to 42 mW/cm
2
, using a red LED (λpeak = 640 nm) as a light source 

that provided both the DC background intensity and its small amplitude modulation, both 

incident on the cell from the photoelectrode side. Charge extraction technique [107,108] was 

used to measure the electron concentration in the photoelectrode at the short circuit and open 

circuit conditions corresponding to each IMPS and IMVS measurement. 

To rationalize the amount of data the experiments were divided to two sets: 1) thickness 

dependent measurements (all cells) at fixed light intensity (10.5 mW/cm
2
), and 2) light 

intensity dependent measurements at fixed film thickness (14.5 µm, four-layer TiO2 films). 

The fixed intensity corresponded roughly to 0.1 sun in terms of iSC, and the 4-layer films were 

chosen since they gave the best cell performance (see Publication V). 

The experiments had originally two objectives. First, the purpose was to clarify the effect of 

high-temperature sintering on the electron transport and recombination in the pressed TiO2 

photoelectrodes. Second, the idea was to investigate the effect of film thickness on the 

electron transport, recombination, and accumulation in the nanostructured photoelectrode 

films, since this issue had not been covered well in the literature. Unfortunately however, the 

extensive set of data gathered turned out to be very hard to interpret and understand. 

Figure 27 demonstrates the problem. It shows the IMPS time constant as a function of the 

extracted electron concentration, both measured at the same condition (light intensity and 

short circuit). The thin straight lines connect data of sintered (S) and pressed-only (P) TiO2 

films of equal thickness measured with same bias light intensity. Note how in the thinnest 

films, electron transport appears to be, as expected, slower in the pressed-only films (higher 

τIMPS) than in the sintered films, both having equal electron concentration (qSC). In contrast to 

this, in the four-layer TiO2 films the τIMPS vs. qSC data of the both type of films (P4, S4) 

measured by varying the bias light intensity (ΦDC), overlap each other exactly. Imagine that if 

we had only this light intensity dependent data, it would quite convincingly suggest that the 

high-temperature sintering does not improve electron transport in the pressed TiO2 films. This 

can hardly be the case in reality which makes the data questionable. Indeed, the thickness 

dependent τIMPS vs. qSC data in Figure 27 point to a systematic error in our method: the 

conclusions made on the electron transport based on τIMPS at fixed qSC depend on the TiO2 

film thickness used in the sample. These problems prompted us to carry out theoretical 

investigations to clarify the inconsistencies in these data, and resulted in Publication VI. 

Interpreting the data Figure 27 is difficult mainly for two reasons. Firstly, the low ηCOL in the 

pressed-only films (Publication V) means that a certain fraction of the electrons present in the 

film at short circuit are lost by recombination in the charge extraction experiment  [107,108], 

this fraction increasing with increasing d. The extracted qSC is thus an underestimation of the 

total charge in the film. Secondly, the low ηCOL means that those electrons that contribute to 

the measured photocurrent response in the IMPS are generated into the film no farther than 

the electron diffusion length L from the collecting contact – the rest are lost by recombination. 

This decreases the measured τIMPS, i.e. the arrival time of the collected electrons, compared to 

the situation when L >> d, and makes the electron transport appear faster than it really is (see 

eq. 50 and Publication VI). As a result, the low ηCOL biases the τIMPS vs. qSC trace of the 
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pressed-only TiO2 films downwards and to the left in Figure 27. The exact match with the 

sintered films at d = 14.5 µm is thus purely coincidental.  

The interpretation of the τIMPS data is further complicated by non-uniform light absorption in 

the photoelectrode film, especially since modulated light incident from the photoelectrode 

side was used in these experiments (see Publication VI for discussion of this issue). Taking 

further into account that the quality of the pressed TiO2 films was not constant but their 

porosity decreased with the film thickness (Publication V), it become clear that the data 

presented in Figure 27 (and many more) had to be rejected as invalid for their original 

purpose. 

It is hoped that the results of Publication VI help designing, performing and analyzing 

dynamic electron transport experiments more sensibly in the future. In fact, it proposes a new 

method for this purpose: the IMPS-ratio. 

 

Figure 27. Effect of photoelectrode film thickness (d) and bias light intensity (ΦDC) on the 

measured IMPS time constant (τIMPS) and extracted electron concentration (qSC) at the short 
circuit.  
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5.8. IMPS-ratio (Publication VI) 

As a solution to the problems in the IMPS data analysis discussed in the previous Chapter, 

Publication VI introduces a new dynamic performance characteristic called the IMPS-ratio: 
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It is essentially the dynamic counterpart of the IPCE-ratio discussed in Chapter 5.5 and 

Publication V. The left hand side of eq. 63 is the ratio of the dynamic (frequency-dependent) 

electron collection efficiencies, given by the analytical solution of the time-dependent 

diffusion model, and on the right hand side we have the measured IMPS-ratio (spectrum) 

multiplied by the ratio of the optical transmittances. 

In the limit of low frequencies, the IMPS-ratio equals to the IPCE-ratio that yields an estimate 

of the steady state L, when d, α, and the optical transmittances are known. The additional 

frequency dependent information in the IMPS data allows factorization of L further to D and τ 

by fitting eq. 63 to an experimental IMPS-ratio spectrum.  

In other words, the IMPS-ratio facilitates simultaneous estimation of D, τ, and L at the short 

circuit condition by exact fitting of the diffusion model to the measured IMPS data. A major 

advantage of this method is that the resulting D and τ estimates are inherently consistent with 

the steady state L, ηCOL, ηIPCE, and iSC of the cell. However, since they are derived based on 

dynamic data, they are nevertheless the “dynamic” electron diffusion coefficient and lifetime, 

Dµ and τµ, and not their “conduction band values” that describe the steady state electron 

transport and recombination (see Chapter 4.5). It must therefore be emphasized that the 

IMPS-ratio method does not solve the problem [61] induced by electron trapping on the 

interpretation of the dynamic data. It merely offers an analysis method that, by definition, 

yields Dµ and τµ that are consistent with the standard diffusion model fitted in terms of L to 

reproduce the measured steady state iSC of the cell. 

It should also be noted that the IMPS-ratio-derived Dµ and τµ have to be regarded as effective 

or averaged quantities of their spatially varying local values in the photoelectrode film. The 

dynamically measured electron transport and recombination characteristics depend strongly 

on the electron concentration that due to electron diffusion and collection has a steep profile 

across the film at the short circuit condition [55,85,109]. The relevance and usefulness of 

these “effective” and “dynamic” Dµ and τµ for analyzing, comparing, and understanding the 

photocurrent limiting factors in DSCs is an open question for the time being. More work is 

evidently needed to clarify, which of the presently available experimental methods, namely 

IMPS combined with IMVS [64], the IPCE-ratio (Publication V), or EIS [56,60,110], is most 

reliable for estimating L and ηCOL. While this is beyond the scope of the present study, it is 

interesting to carry out a qualitative comparison of these techniques inasmuch as data for this 

was available from the pressed TiO2 DSCs. 
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5.9. Comparison of electron diffusion length determined by 
different techniques 

Figure 28 shows the electron diffusion length L in the pressed TiO2 dye solar cells determined 

by different techniques. This comparison needs to be taken only qualitative since the 

measurements were carried out at different light intensity, cell voltage, and age of the cells. 

Nevertheless, it can be seen that the different techniques yield qualitatively the same result: L 

increases with d in the pressed TiO2 photoelectrodes, both with and without high-temperature 

sintering of the TiO2 film. 

This result is interesting inasmuch as the different techniques used data from widely different 

operating conditions: the IPCE-ratio was based on the steady state iSC, the IMPS-IMVS 

analysis combined dynamic short circuit and open circuit data, and the EIS was carried out in 

the dark at a negative polarization corresponding roughly to the VOC at the IMVS 

measurements. An intriguing subject of future research is to investigate whether this 

consistency can be found also quantitatively when the different techniques are applied at the 

same conditions and interpreted with a common dynamic solar cell device model. 

Interestingly with this respect, recent results by Barnes et al. [62] point to a systematic 

difference between L determined with the IPCE-ratio method and the L values derived from 

dynamic photocurrent and photovoltage measurements. It should be noted however, that the 

analysis of these authors did not take into account the effects of low ηCOL and non-uniform 

light absorption profile on the transient photocurrent response (Publication VI). 

Note finally that the EIS data (Figure 28c) measured at relatively high Fermi-level position, 

where the electron concentration in the TiO2 film is relatively uniform, gives a strong 

indication that the increase of L with d in these cells is, in fact, a result of the pressing 

technique and not a fundamental feature of electron transport in DSCs at short circuit 

conditions, answering thus the question raised in the conclusions of Publication V. 

 

Figure 28. Comparison of the electron diffusion length in pressed dye solar cells determined 
with different techniques. a) The IPCE ratio method (eq 61 and Publication V), b) 
conventional interpretation of the short-circuit-IMPS and open-circuit-IMVS, using eqs. 50-52 
(10.5 mW/cm2 red bias light, PE-side illumination), c) EIS in the dark at VCELL = -0.7 V, 
analyzed with the transmission line model [56,59,60]. [118] 
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6. Summary and Conclusions 

Solar energy is the most abundant renewable energy resource. One of the ways to utilize it is 

to generate electricity directly from the sunlight by photovoltaic (PV) cells. The main 

limitation for large scale implementation of photovoltaics is the high manufacturing costs of 

the present silicon based PV panels. To bring down the costs of PV, cheaper solar cell 

materials and manufacturing methods are needed. 

Massive production of thin and flexible large area solar panels by roll-to-roll techniques is 

likely required if PV is to make a significant contribution to satisfying the world’s rapidly 

increasing energy demand. In addition to this ultimate goal, flexible solar cells are expected to 

find new markets as power supplies for portable applications and the emerging printable 

electronics. 

Electrochemical dye solar cell (DSC) is a promising candidate for low-cost flexible 

photovoltaics due to its cheap and abundant primary materials, simple solution based 

manufacturing, and proven stability on glass substrates. Furthermore, the fundamental 

operating principle of the DSC offers unique freedom to material design, development and 

optimization towards higher performance, lower costs, and improved durability of the solar 

cells. 

The purpose of this thesis was to investigate the realization of DSCs on flexible plastic and 

metal substrates, generate better understanding of the factors that limit their photovoltaic 

performance, and develop better methods for their measurement. 

The main challenge in the manufacturing of flexible DSCs on plastic substrates is that the 

photoelectrode and counter electrode films have to be deposited at low temperatures, which 

tends to compromise the solar cell performance. One of the problems behind this is the 

difficulty to deposit crack-free colloidal films with sufficient thickness without surfactants 

and binders in the colloidal suspension. In Publications I and II, this problem was solved by 

combining spray deposition with the pressing technique. As a result, 2.8 % solar cell 

efficiency was achieved with TiO2 photoelectrodes and less than 1 Ωcm
2
 charge transfer 

resistance with porous carbon counter electrode on ITO-PET plastic substrates. 

Stainless steel is the most commonly used metal substrate in solar cells, including the DSC. In 

Publication III, the influence of stainless steel substrate on the DSC performance was studied 

by photovoltaic and electrochemical techniques. In particular, current dependent impedance 

measurements were used to discern the effect of different cell components on the solar cell IV 

curve. Stainless steel 304 was found to be an excellent photoelectrode substrate material in 

term of its electrochemical properties, yielding 4.4 % cell efficiency. 

In Publication IV similar investigations were carried out for ITO-PET plastic substrates with 

pressed TiO2 photoelectrodes. These substrates were found to suffer from the same 

performance loss mechanism as the common FTO-coated glass substrates: back reaction of 

electrons via the substrate-electrolyte interface decreases the VOC at low light intensities. 

Deposition of a 4 nm thick compact TiO2 recombination blocking layer by atomic layer 

deposition (ALD) suppressed this effect, but introduced a contact resistance between the ITO 

and TiO2, which decreased the fill factor (FF) and cell efficiency. These results indicate that 

an optimal thickness of the ALD TiO2 blocking layer of this kind is below 4 nm. 
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Low-temperature prepared nanostructured TiO2 photoelectrodes typically deliver lower short 

circuit current density (iSC) compared to equivalent films that have been subject to heat 

treatment. At high temperature, the TiO2 nanoparticles sinter slightly together which improves 

the electrical contact between them. In the absence of the sintering, the interparticle contacts 

are usually insufficient and act as bottle-necks to electron transport, which decreases the 

electron diffusion length and collection efficiency, and hence, the photocurrent output of the 

cell. Indeed, low iSC due to poor electron collection was found to be the main performance 

limiting factor in the DSCs made with pressed TiO2 photoelectrodes (Publications I, IV, V, 

and VI). 

Systematic development of DSCs through better materials, cell designs and fabrication 

methods is possible only when assisted by simple but accurate experimental techniques that 

can be used to identify and quantify the different factors that limit the cell performance. 

Development and improvement of such techniques was an important part of this thesis.  

Publication III demonstrated how electrochemical impedance spectroscopy carried out as a 

function of current density can be used to factor the steady state IV curve of the cell to the 

partial contributions from different series connected internal cell resistances, without using 

additional reference electrodes. This is particularly useful for studying performance and 

stability of permanently sealed complete DSCs. 

In Publication V, a new method called the IPCE-ratio was introduced that allows quantitative 

estimation of all the three photocurrent limiting factors of DSC, namely the quantum 

efficiencies of light harvesting, electron injection and electron collection. The method 

combines optical characterization and modeling of the solar cell with IPCE measurements 

taken with front and back side illumination of the cell. Importantly, the IPCE and optical 

spectroscopy required are standard techniques available in most PV research and development 

laboratories. 

Due to its central importance to the flexible plastic DSCs, major emphasis in this thesis was 

given to the experimental and theoretical study of the electron collection efficiency. A key 

parameter with this respect is the electron diffusion length L that for a high performance solar 

cell needs to be much longer than the photoelectrode film thickness. The dominant way of 

estimating L is based on the effective electron diffusion coefficient Dµ and lifetime 

τµ measured by transient photocurrent and photovoltage techniques. Yet, their relevance to the 

steady state cell performance has been criticized, which calls into questions the dynamic 

estimation of L as well. This thesis contributes to solving this dilemma by introducing a 

method that gives L estimates that are inherently consistent with the steady state iSC of the 

solar cell: the IPCE-ratio. Furthermore, its dynamic equivalent named the IMPS-ratio, 

proposed in Publication VI, allows simultaneous estimation of Dµ and τµ at the short circuit 

conditions, again consistently with the steady state cell performance. 

One of the overall conclusions of this thesis is that interpretation of the dynamic response of 

DSC is non-trivial, and erroneous conclusions can be easily reached unless the data are 

analyzed correctly by a valid model. A particularly good example of this is the effect of non-

uniform light absorption and inefficient electron collection on the dynamic photocurrent and 

photovoltage response of DSC clarified in Publication VI. 

Indeed, an important goal of further research is to develop a complete time-dependent DSC 

device model that with a common set of parameters correctly reproduces all the 

experimentally measured dynamic responses (IMPS, IMVS, and EIS) and the steady state 
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performance of the cell (IV, IPCE) at all conditions relevant to the normal solar cell operation. 

The challenge is to keep the model simple enough so that it can be used routinely in the 

practical development of DSCs through better materials, manufacturing and cell design. 

Equivalent circuit modeling used successfully with EIS has clear benefits with this respect 

and should be used as the modeling framework. 

Considering the different dynamic techniques used in this thesis, EIS has the advantage that it 

gives information (differential resistances) directly related to the steady state IV curve of the 

solar cell, whereas IMPS and IMVS give time-constants that are meaningful only to the 

transient behavior of the cell. Nevertheless, the EIS, IMPS, and IMVS transfer functions are 

fundamentally related to each other and to the solar cell IV curve. These relations should be 

establish theoretically and utilized in the characterization and modeling of DSCs in the future. 

To conclude, the practical results of this study demonstrate that transfer of the dye solar cell 

technology from rigid glass substrates to flexible plastic and metal substrates is possible, but 

leads to some losses in the solar cell performance. As a result of this thesis, these performance 

losses are better understood, and more accurate experimental techniques and data analysis 

methods are available for their measurement from complete solar cells at realistic operating 

conditions. The results help in the development of more efficient and stable flexible dye solar 

cells in the future. 
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I. Appendix: Time-dependent standard diffusion model and 
its solution 

The standard diffusion model, introduced by Södergren et al. [96] and used in Publications V 

and VI, is the basic model of the photocurrent and photovoltage response of the dye solar cell. 

The model gives a simplified description of the generation, transport, and collection of 

electrons in the nanostructured photoelectrode film and forms the basis for more advanced 

and complete models of the DSC function. The model was initially applied to qualitative 

analysis of the spectral characteristics of steady state IPCE measurements to elucidate the 

nature of the electron transport [96,100,101,111] and to obtain estimates for the electron 

diffusion length [96,101]. 

Electron transport in the nanostructured TiO2 photoelectrodes occurs mainly via diffusion – 

contributions from electric field induced drift can be neglected to a good approximation. This 

is firstly due to the small size and low doping density of the TiO2 nanoparticles, which allows 

only negligible electric fields within each particle [112], and secondly due to the highly 

conductive electrolyte in the pores of the photoelectrode film, which effectively screens any 

macroscopic electric fields across the film [113]. For this reason, significant electrostatic field 

(potential gradient) exists only within the first nanoparticles at the photoelectrode substrate 

contact [114,115]. 

 

Figure 29. Geometry of the standard diffusion model with d = 30 µm . Light absorption in the 
film leads to non-uniform generation of electrons within the photoelectrode film. This, and the 
direction of illumination, determine the average distance of electron generation from the 
collecting contact. 
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The diffusion model is based on solving the time dependent continuity equation of the 

electrons in the nanostructured photoelectrode film, treating the film as a homogenous 

effective medium 
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where D and τ are respectively the electron diffusion coefficient and lifetime, n = n(x,t) the 

local electron density, n0 the equilibrium electron density in the dark, and g = g(x,t) the local 

electron generation rate. The generation rate is directly proportional to the local light 

absorption rate and the quantum efficiency of electron injection ηINJ. The absorption rate is 

further assumed to scale linearly with the incident photon flux Φ (m
-2

s
-1

). Hence, in the 

general case we write 

 )()(),( LHINJ xftΦtxg η=        (A2) 

where the function fLH(x), having units m
-1

, is the spatial light harvesting efficiency that 

defines the electron generation profile in the photoelectrode film. 

Using appropriate boundary conditions eqs. A1 with eq. A2 can be solved to calculate the 

steady state photocurrent output of the cell [96]. More generally, the time-dependent solution 

of the diffusion model provides the basis for modeling and interpretation of the dynamic 

photocurrent and photovoltage response of the cell. 

Of particular importance are the small amplitude periodic techniques called intensity 

modulated photocurrent (IMPS) and photovoltage (IMVS) spectroscopy, introduced briefly in 

Chapter 4.5. In these techniques, the dynamic photocurrent or photovoltage response of the 

solar cell to a small amplitude sinusoidal modulation of the incident light intensity is 

measured as a function of the modulation frequency ω at a certain steady state conditions. The 

incident photon flux constitutes a monochromatic modulated (AC) part superimposed on a 

constant background (DC) part 

( )tieΦtΦΦtΦ ωδωω +=+= 1),(),( DCACDC      (A3) 

where the modulation depth δ is set less than 0.1 to maintain linearity of the response. 

If D and τ are assumed independent on n, eq. A1 is a linear ordinary differential equation, the 

solution of which is found as the sum of solutions for the steady state DC and the modulated 

AC parts: 

),,()(),,( ACDC txnxntxn ωω +=        (A4) 

Due to the linearity of eq. A1 it suffices to solve it for the AC part only. The DC solution is 

then readily obtained by setting ω = 0 in the AC solution. To further simplify the analysis, we 

consider the total electron density being the sum of the (constant) dark equilibrium density n0 

and the excess (light induced) electron density ne  

),,()(),,(),,( ACe,DCe,0e0 txnxnntxnntxn ωωω ++=+=    (A5) 
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Inserting eq. A5 into eq. A1 yields the time-dependent continuity equation for the excess 

electron density 
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the solution of which has the DC and AC parts 
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The boundary conditions relevant to the problem are [79,105] 
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where d is the photoelectrode film thickness, and kEXT is the kinetic rate constant for electron 

extraction at the photoelectrode substrate contact. Setting kEXT = 0 corresponds to open circuit 

condition and yields solutions for the open-circuit-IMVS response. The short-circuit-IMPS 

response is found in the limit kEXT � ∞, in which case the substrate contact acts as a perfect 

sink for the excess electrons. 

According to eqs. A2 and A3 the modulated part of the electron generation rate can be written 

as 

tiexGtxg ω)(),(AC =         (A9) 

where 

 )()( LHDCINJ xfΦxG δη=        (A10) 

Hence, the solution of eq. A6 for the AC part can be obtained by separation of variables, i.e. 

the solution is of the form 

tiexNtxn ωωω ),(),,(ACe, =         (A11) 

Inserting eqs. A10 and A11 into eq. A6 yields the equation for the complex electron density N 

= N(x,ω) 
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and eqs. A8a-b give the corresponding boundary conditions 
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To summarize, the small amplitude AC photocurrent and photovoltage response of dye solar 

cell is described by the differential equation eq. A12, subject to the boundary conditions 

A13a-A13b, and the generation term given by eq. A10. Its solution N(x,ω), gives the time-

dependent excess electron concentration ne(x,ω,t) according to eq. A11. Based on it, the total 

steady state electron density n(x) can found in the limit of zero frequency (ω � 0) and full 

modulation depth (δ = 1) by neglecting the explicit DC term ne,DC(x) in eq. A5.  

As shown in Publication VI, the solution of eqs. A12-A13b can be expressed for any 

(arbitrary) electron generation profile in the general form (ω is omitted in the expressions 

below for brevity) 

 ξξξ δ dxNfxN

d

∫=
0

LH ),()()(        (A14) 
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is the solution of the same problem for localized electron generation at x = ξ, described by the 

spatial light harvesting efficiency (in eq. A10) 
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where δ(x,ξ) is the Dirac’s delta function, and further, 
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and u(x-ξ) is the unit step function. The mathematical derivation of this result was given as 

supporting information for Publication VI.  

It follows that coupling of any (arbitrary) optical model of the dye solar cell to the standard 

diffusion model is as simple as calculating the integral of eq. A14.  The coupling occurs via 

the spatial light harvesting efficiency function fLH(x). In some cases, such as for uniform or 

exponential generation profile, the integration in eq. A14 can be calculated analytically. In the 

more general case, if the analytical expression of fLH(x) is complicated or it is available only 

in the form of tabulated data, the integration can be done numerically. 

The above result (eq A14) is specific to the kinetic boundary condition eq. A13a. It is 

therefore of interest to complete the theoretical analysis of Publication VI by considering 

whether a similar result exists for other boundary conditions as well. 
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Firstly, with a minor modification of the derivation given in the supporting information of 

Publication VI, it can be shown that the general solution of eq. A12 for the localized 

generation (eqs A10 with A16) is 
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where B1 and B2 are the two unknown constants to be determined by the two boundary 

conditions of some kind. Secondly, the result expressed by eq. A14 is indeed valid for any 

boundary conditions restricting the final result N(x) that corresponds to the arbitrary 

generation function G(x): no boundary conditions were needed in the derivation of eq. A14. 

This means that the general solution of the standard diffusion model in the case of arbitrary 

electron generation profile fLH(x) is 
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where ηLH is the light harvesting efficiency corresponding to the arbitrary generation in 

question. Note that the unit step function in eq. A18 cuts the integration range to x in eq. A19. 

To find the complete analytical solution one merely needs to use the two boundary conditions 

relevant to the case at hand to find expressions for the constants B1 and B2, and then insert 

these expressions to eq. A19 together with the function fLH(x) in question, and perform the 

remaining integrations, numerically if necessary. 
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