
 

PHOTOELECTROCHEMICAL 

CHARACTERIZATION OF DYE SOLAR 

CELLS BASED ON 

NANOSTRUCTURED ZINC OXIDE 

SUBSTRATES 

 

Elena Guillén Rodríguez 

 

 

 

Department of Physical, Chemical and Natural Systems 

University Pablo de Olavide 

 

Sevilla, May 2011 



  



 

PHOTOELECTROCHEMICAL CHARACTERIZATION OF 

DYE SOLAR CELLS BASED ON NANOSTRUCTURED ZINC 

OXIDE SUBSTRATES 

 

 

 

DIRECTOR 

JUAN ANTONIO ANTA MONTALVO 

Profesor Titular del Departamento de Sistemas Físicos, Químicos y 

Naturales de la Universidad Pablo de Olavide 

 

 

 

 

Trabajo presentado para la obtención del título de Doctora con Mención Europea 

Elena Guillén Rodríguez 

 

Licenciada en Ciencias Ambientales 

 

 

 



  



 

 

 

 

 

Juan Antonio Anta Montalvo, profesor titular del Departamento de Sistemas Físicos, 

Químicos y Naturales de la Universidad Pablo de Olavide 

 

CERTIFICA: 

Que la presente memoria titulada “Photoelectrochemical characterization of dye 

solar cells based on nanostructured zinc oxide substrates” presentada por Elena 

Guillén Rodríguez para la obtención del título de Doctora, ha sido realizada bajo mi 

dirección en este departamento, dentro del programa de Ciencia y Tecnología de 

Coloides e Interfases y cumple los requisitos para poder optar a la Mención 

Europea. 

 

Sevilla, Mayo de 2011 

 

 

Juan Antonio Anta Montalvo 

  

Department of Physical,  

Chemical and Natural Systems 

University Pablo de Olavide 



 



Abstract 

This thesis is focused on the study of dye-sensitized solar cells (DSCs) based on the 

semiconductor zinc oxide (ZnO) as electron conductor.   

The work presented in this thesis is divided in four main topics: (1) the search for an 

appropriate sensitizer for ZnO, (2) the suitability of ionic-liquid-based electrolytes for 

the development of ZnO solar cells with high long-term stability, (3) the influence of 

the semiconductor morphology on the performance of ZnO-based solar cells and (4) the 

study of the electronic properties of this semiconductor in DSCs.  

Finding an appropriate dye is a key issue for DSCs based on ZnO. In this work, 

several sensitizers have been tested, including xanthene derivatives, ruthenium-complex 

dyes and an indoline derivative. The study points out the poor properties of ruthenium-

complex dyes as sensitizers for ZnO and the great potential of organic dyes. It is found 

that the sensitization process is less critical in the case of organic dyes than in the case 

of ruthenium-complex dyes. Good absorbing properties together with an efficient 

sensitization process lead to a better performance of the indoline dye D149 with respect 

to other dyes tested, including ruthenium derivatives. However, a recurrent topic along 

this thesis has been the dye-oxide interaction in ZnO DSCs. This interaction is proved to 

be weak and dye desorption in the presence of ionic-liquid-based electrolytes and 

additives usually employed in DSCs have been observed for both, ruthenium and 

organic dyes, although this effect is more critical for organic sensitizers. 

One of the cell components limiting the long-term stability of DSCs is the organic 

solvent electrolyte. The replacement of organic solvents by room temperature ionic 

liquids (RTIL) is very promising due to their negligible vapour pressure, which avoids 

evaporation problems. The use of this type of electrolyte in ZnO cells had not been 

explored before and an important part of this thesis has been devoted to the study of 

ZnO solar cells based on RTIL-based electrolytes. Several ionic-liquid-based systems 

have been tested and the suitability of this kind of electrolyte for ZnO solar cells as well 

as the main limitations have been identified and described. It is found that the cell 

performance is not only determined by the viscosity of the electrolyte, but also by the 

nature of the anion of the ionic liquid. By mixing RTILs with different viscosity and 

containing different anions, the performance of the cells can be optimized.  



Higher recombination with respect to organic-solvent-based electrolytes has turned 

out to be the main limitation of ZnO solar cells based on RTIL electrolytes. 

Nevertheless, remarkable efficiencies have been obtained for ZnO solar cells with fully 

organic dyes and ionic-liquid-based electrolytes. However, dye desorption has been 

observed at prolonged illumination limiting cell stability.  

One of the most interesting properties of ZnO is the possibility of fabricating a wide 

range of different nanostructures. Specifically, the use of one-dimensional ZnO 

nanostructures as electrodes is a hot topic in DSC research. However, despite the efforts 

devoted to the development of ordered nanostructures, their efficiencies lie well below 

the ones obtained with mesoporous nanoparticle electrodes. This fact is usually 

attributed to low light harvesting properties due to the lower surface area of one-

dimensional nanostructures. In this thesis, a comparative study of ZnO solar cells 

sensitized with the highly absorbing dye D149 and based on ordered nanowire array 

electrodes, on the one hand, and a randomly oriented nanoparticle electrode, on the 

other hand, is presented. The study points out that recombination rather than low surface 

area is the main limitation of these one-dimensional nanowires. In addition, a significant 

blocking of the recombination in nanowire solar cells is achieved by the deposition of 

nanoparticles onto the nanowires, improving significantly the efficiency of the cells. 

The last part of the work has been devoted to a comprehensive study of the electronic 

behaviour of dye-sensitized solar cells based on ZnO. The same theories as used for 

TiO2 can be applied to describe the transport and recombination behaviour of ZnO solar 

cells, yielding, however, different characteristic parameters. The results highlight very 

good electronic properties of ZnO solar cells, with diffusion lengths several orders of 

magnitude larger than the film thickness. A poor injection from the dye to the 

semiconductor is proposed as the main limitation of the ZnO solar cells studied here.  
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1.1.  Introduction to solar energy and solar cells 

The growing worldwide energy demand and the environmental impact of the 

extensive exploitation of fossil fuels during the last decades have motivated the search 

for alternative sources of energy. Special attention is paid nowadays to the development 

of new technologies allowing for the utilization of so-called renewable energy sources. 

Renewable energy is derived from natural processes that are replenished constantly. 

Tapping into these energy sources is desirable both from an ecological and an economic 

point of view. Nowadays, renewable energy is the fastest-growing source of electricity 

generation with main contributions from hydroelectric and wind power. Furthermore, 

solar power generation has experienced accelerated growth during the last decade. The 

renewable share of worldwide electricity generation is expected to grow from 18 

percent in 2007 to 23 percent in 2035
1
. The optimization of the existing processes for 

power generation and the development of new technologies are, therefore, a matter of 

scientific, technological, economic and public concern. 

Mankind has exploited solar power since ancient times, but it was not until the 19
th

 

century that a first approach to a photovoltaic use of solar energy was made. Since that 

time, the idea of using the clean and abundant energy of the Sun and converting it into 

electricity has been a recurring topic in the scientific community and in society in 

general. However, it was not until the beginning of the 21
st
 century that grid connected 

photovoltaic systems started to make a real contribution to electrical power generation. 

The photovoltaic industry has boomed over the past decade. Apart from the increasing 

public awareness that the Earth´s oil reserves will run out in a not so distant future, the 

development of photovoltaic technology is also promoted by an environmental concern 

among the society. In this respect, solar power generation comprises a promising 

electric power generation technology due to relatively low life cycle emissions of global 

warming gases.  

Concerned about climate change and energy dependence, governments introduced 

incentives to promote the adoption of solar energy and to shift consumption away from 

fossil fuels to a more secure supply. As a consequence of these incentives the 

photovoltaic industry grew in the last decade at a rate exceeding 30% per year (Figure 

1.1). An example of the booming of the photovoltaic market can be found in Spain. The 

energy system in Spain depends strongly on importations with about 80% of the energy 



1. Introduction 

 

3 

 

consumption deriving from imported sources
2
.  At the same time, Spain possesses the 

most important solar resources in Europe (1200-1800 kWh m-2 year-1 3
). In 2005, the 

Spanish government approved the Renewable Energy Plan 2005–2010
4
. Its overall aim 

was to meet the target of supplying 12% of Spain’s primary energy needs and 30% of 

its demand for electricity from renewable sources by 2010. A great boost was given to 

the photovoltaic (PV) sector with very attractive tariffs, and in 2008 Spain became the 

PV market leader with 2.6 GW of new grid-connected installations (Figure 1.1).  

 

Figure 1.1 Evolution of the World annual PV market  (2000-2009). Source [5]. 

Although remarkable, this explosive growth was only possible thanks to the heavily 

subsidized program implemented by the government.  After this record-breaking year in 

2008, the Spanish government placed a cap limiting the number of new PV installations, 

because it was not possible to economically support the incentive program. As a 

consequence of this fact, together with the financial crisis, the number of new 

photovoltaic installations plumed dramatically to only 69 MW in 2009
5
 (Figure1.1).  

What happened in Spain is not a representative case and what is needed for continuous 

market development is not a high feed-in tariff, but a stable and long-term policy and 

program. However, the example of Spain shows a characteristic that shares currently the 

global PV market: the strong dependence on government support programs and 

incentives. The main problem in this context is the currently too high $/Wp cost of 

energy generated by PV modules. There is still a long way to go in order to make the 

cost of photovoltaic energy generation comparable to that of electricity generated by 

power plants based on fossil fuels.  
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Current production of PV modules is dominated by crystalline silicon modules based 

on bulk wafers (including both large-grain polycrystalline and single-crystalline Si)
6
. 

These devices are the main exponents of a group named as the first generation of 

photovoltaic cells and they comprised about 85% of the market in 2009
7
.  

The p-n junction is the classical model of a conventional solar cell
8
. This junction is 

created by doping different regions of the same semiconductor with different impurities. 

In this way, an interface between p-type and n-type materials is obtained, which creates 

a built-in electric field as a consequence of the different chemical potentials that 

electrons and holes have across the interface. This intrinsic electric field favours charge-

separation when a photon of energy larger than the band-gap creates an electron-hole 

pair near the interface.  

There have been several theoretical calculations on the maximum power conversion 

obtainable for solar radiation using a single-junction (p-n) solar cell. The theoretical 

considerations of Shockley and Queisser establish an upper limit of the efficiency of 

31% for a semiconductor with a band gap energy (Eg) of 1.3 eV under AM 1.5 

illumination
9
. There are two main reasons for such a low maximum efficiency. On the 

one hand, photons with an energy E < Eg are not absorbed by the solar cell. On the other 

hand, even electrons excited by photons with an energy E > Eg can only deliver the band 

gap energy (Eg) to the electric circuit, whereas the rest (E-Eg) is lost by thermal 

dissipation
10

. Based on this theoretical maximum conversion efficiency and on the 

nature of materials, photovoltaic cells can be grouped in three major categories or 

generations. The first group includes cells that use materials of high purity and 

containing low concentrations of structural defects. These are the most efficient cells up 

to date. To this group belong, as already mentioned, crystalline silicon solar cells with a 

confirmed record efficiency of 25% by the time of writing
11(i)

. Although it has been the 

material most frequently employed and studied, silicon is not an ideal semiconductor for 

photovoltaic conversion. Its optical absorption coefficient is low due to the fact that it is 

an indirect semiconductor. Therefore, Si wafers with a thickness of more than hundred 

microns are needed to efficiently absorb most of the incident light. This, together with 

costly purification and crystallisation processes of silicon, make the production of 

silicon cells very expensive. Binary II-IV and II-V semiconductors such as GaAs, 

                                                             
i Cell area: 4 cm

2
. 
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GaAlAs, GaInAsP, InAs, InSb and InP also fall into this group. They are interesting 

solar cell materials because they have near-optimal band gaps
8
. However, these 

materials are extremely expensive. They have been used mainly in space solar cells, 

where performance is more important than costs. Also they can find a place in 

concentrating systems where the active surface area of the cells can be reduced 

significantly and, therefore, expensive materials can be used. Si-based first-generation 

photovoltaics is a robust and proven PV technology, but its cost reduction potential 

seems to be limited. In addition, although there is still room for improvement, 

efficiencies of silicon solar cells are yet close to the theoretical Shockley-Queisser limit 

for a single junction cell
6
.  

Two different approaches have been made to face the problems associated with first 

generation photovoltaics: (a) to work on reducing the costs and (b) to increase the 

energy conversion efficiency beyond the Shockley–Queisser limit. The major thrust 

along the first approach is in developing thin film solar cells. These devices are usually 

referred to as second generation photovoltaics. On the other hand, approaches focused 

on devices, which could theoretically overcome the Shockley-Queisser limit, form the 

basis of third-generation PV technologies.  

The second generation of solar cells is based on thin film technology. These cells are 

based on a single junction and, therefore, share with first generation photovoltaics the 

theoretical efficiency limit. Thin film devices comprise a smaller but rapidly growing 

segment of the PV activity. In the year 2009, the market share of thin film solar cells 

reached 15%
6
. The driving force for the development of thin film solar cells has been 

their potential for the reduction of manufacturing costs. The most efficient examples are 

solar cells made up of cadmium telluride (CdTe) and copper indium gallium diselenide 

(CIGS). These materials are direct semiconductors, thus, only a thin film (of about 10 

μm thickness) is required for complete light absorption
12

. CdTe, for example, has a 

direct optical band gap of 1.5 eV that lies near the optimum band gap according to 

Shockley and Queisser
6
. In addition thin film semiconductor materials can be deposited 

onto large surfaces, which is beneficial for volume production. PV modules based on 

crystalline silicon, in contrast, have to be assembled from individual cells. The 

efficiencies of second generation devices, however, are typically lower than efficiencies 

of first generation cells. In contrast to PV devices based on Si wafers, which are already 

very close to the theoretical efficiency limit, thin film solar cells are still well below 
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their potential. Thin film technologies are in the early manufacturing phase, and 

efficiencies of small-area laboratory devices do not easily translate into efficiencies of 

large modules. The highest performance obtained among all thin film technologies was 

for a CIGS cell of 1 cm
2
 with 19.4 %

11
. The main issues associated with this kind of 

technology are the use of toxic materials as, e.g., cadmium and rare elements as telluride 

and indium. The implementation of a technology marketed as environmentally friendly 

that uses hazardous metals is quite controversial. 

During the past decades several approaches to a third generation of solar cells have 

been suggested. The term third generation includes various technologies. Generally this 

term is used to describe systems which do not fall into the first or second generation 

and/or which try to circumvent the 31% Shockley-Queisser limit
12

. Various approaches 

to achieve efficiencies above 30% have been explored. Tandems of cells provide the 

best known example of how such high efficiency might be achieved. In this case, 

conversion efficiency can be increased by stacking cells of different band gaps thus 

increasing the spectral sensitivity
13

. In principle, by stacking a large number of suitably 

tailored and designed cells, efficiencies as high as 67% and 86% for unconcentrated and 

maximally concentrated solar illumination are theoretically possible
6
.  

In the 1990s, new concepts of solar cells based on nanostructured and organic 

materials were conceived as a new approach to low-cost photovoltaics. The most active 

research fields comprise organic heterojunctions
14

, extremely thin absorber (ETA) 

cells
15-17

, hybrid solar cells
18,19

 and dye-sensitized solar cells
20

. These new solar cells 

have a big potential of development since molecular and nanostructural engineering 

approaches can be exploited for further improvement.  In an organic heterojunction the 

active layer is made up of two materials: a donor (n-type) and an acceptor (p-type). 

Poly-phenylene vinylene derivatives and poly-alkylthiophenes are common donors; 

fullerene and its derivatives are common acceptors. The best confirmed 

photoconversion obtained for this type of devices is 5.15%
11(ii)

. The three-phase ETA 

cells are completely made up of solid inorganic materials. In these cells, a thin light-

absorbing semiconductor is sandwiched between two transparent, highly interpenetrated 

nanostructured semiconductors which act as electron and hole conductors
16,21,22

. 

Usually, wide band gap semiconductors as TiO2 and ZnO are used as electron 

                                                             
ii
 Cell area: 1.021 cm

2
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conductors and CuSCN as hole conductor. A wide variety of inorganic absorbers can be 

employed and the best efficiencies (3.5-4%
15,23

) up to now for completely inorganic 

ETA cells have been obtained using In2S3. In hybrid solar cells, in contrast to the 

previous two kinds of cells, both organic and inorganic materials are combined. They 

are usually composed of a conjugated polymer, which absorbs light and transports 

holes, and an inorganic electron conductor, both assembled together in a heterojunction. 

Power conversion efficiencies above 5% have been achieved with this type of cells
24

. 

Finally, dye-sensitized solar cells (DSCs)
20

 are based on nanostructured wide band 

gap semiconductor films photosensitized with a dye. In 1991, M. Grätzel and B. 

O´Regan reported on a device made of sensitized nanoporous TiO2 with a conversion 

efficiency of 7.1%
20

. This discovery opened a new field of scientific research and since 

then many research groups have worked on the improvement of the efficiency and the 

stability of this kind of solar cells. This field has experienced a boom in the last decade, 

with two or three research articles published every day
10

. At the time of writing, the 

record AM 1.5
iii

 efficiency for a DSC stood at 11.1%
25

 
iv
. 

It is still not clear, which one of all the technologies described above will determine 

the future of photovoltaics. Most probably the optimum solution will depend on the 

respective application and on other factors as, for example, the location. In that case, a 

major diversification of the photovoltaic market will be the most likely scenario in the 

near future.  

1.2.  Dye-sensitized solar cells 

As shown in the previous section, the widespread accepted paradigm in traditional 

solar energy conversion is to use highly pure semiconductor materials (avoiding defects 

and interfaces) and to rely on a built-in electrical field to assist the separation of 

photogenerated electron-hole pairs. Besides, a semiconductor band gap close to an 

optimum for solar energy absorption is desirable. In this regard, dye-sensitized solar 

cells (DSCs) marked a fundamental innovation as they rely on nanostructured, wide 

band gap semiconductors. As will be described in this Chapter, DSCs work without the 

                                                             
iii Standard spectral illumination used for photovoltaic solar cell testing. More details can be 

found in Chapter 4. 

 
iv

 Cell area:  0.219 cm
2
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need for a built-in electrical field, without a strict control of the purity of materials, and 

besides, the presence of a huge internal interface is crucial for their good functioning.  

The backbone of a dye-sensitized solar cell is a mesoporous layer of semiconductor 

oxide nanoparticles, which are sintered together to establish a good electric contact 

between the particles. The film thickness (d) is usually around 10 µm and the 

nanoparticles are around 25 nm in diameter. This film is deposited on a glass plate 

covered with a transparent conducting oxide (TCO), which allows light to enter in the 

cell. Attached to the surface of the oxide there is a monolayer of dye molecules, which 

are responsible for harvesting the light. The sensitized film is surrounded by an 

electrolyte solution of high ionic strength, usually composed of an organic solvent 

containing a redox pair (Figure 1.2). 

 

Figure 1.2 Schematic view of a dye-sensitized solar cell device 

Nearly all the components of a DSC are tunable.  Up to now the most successful 

combination of materials is still the one reported in the pioneering work by the Grätzel 

group
20

, which opened the research field of dye-sensitized solar cells. In this 

configuration the main components are a layer of titanium dioxide nanoparticles 

sensitized by a ruthenium-complex dye with the
 
I
-
/I3

-
 redox couple in an organic solvent, 

which acts as the redox mediator. Grätzel and O´Regan found a successful combination 

of a nanostructured semiconductor electrode with an efficient and stable dye. The key 

factor of that combination, as Tsubomura et al.
26

 already pointed out for ZnO 

mesoporous electrodes in 1976, was the surface area. In a mesoporous film, the 
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incoming photons can be captured efficiently although the surface is covered only by a 

monolayer of dye
27

. The reason is that a mesoporous structure can have a surface area 

available for dye adsorption more than a thousand times larger than a flat electrode of 

the same geometric area. The work in this thesis is based on alternative materials to this 

standard configuration. The characteristic of each standard component as well as the 

advantages and disadvantages of alternative materials will be described in the following 

Chapters. 

1.2.1.  Operational principles of dye-sensitized solar cells 

Dye-sensitized solar cells are photoelectrochemical devices where several electron 

transfer processes run in parallel and in competition. In a DSC optical absorption and 

charge-generation are separate functions. The role of dye molecules is the same as that 

of chlorophyll in leaves: they must absorb the incident sunlight and induce an electron 

transfer reaction. Dye-sensitized solar cells are photoregenerative devices. A scheme of 

their basic working principles can be found in Figure 1.3 and Table 1.1.  

 

Figure 1.3. Dynamics of different electron transfer processes taking place in the photoconversion by a 

DSC. An energy diagram of DSCs as the one shown in the figure should not be taken as a real 

interpretation of the actual energetic situation in a DSC. The indicated values may be taken from 

measurements of the individual components, excluding effects caused by the interaction among them
10

 

and potential energy (e.g. conduction band energy) and free energy (redox energy) scales are mixed
28

. 
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Upon illumination, photoexcitation of the dye results in the injection of an electron 

into the conduction band of the oxide. The oxidized sensitizer thus formed can 

recombine with the injected electron or it can be regenerated by the electron donor in 

the electrolyte. Also relaxation of the excited dye before electron injection may occur. 

The photogenerated electron travels through the mesoporous oxide film by a random 

walk process
29,30

 towards the external contact. The extracted electron can then perform 

work in an external circuit and return to the counter electrode. The oxidized species in 

the electrolyte produced upon the dye regeneration step diffuses to the platinum-coated 

counter electrode, where it is reduced back, closing the regenerative cycle. The major 

loss channel in the process is the recombination of the injected electrons with the 

oxidized redox mediator. The timescale of the different processes is the key point for 

obtaining high energy conversion efficiency of these devices, as will be discussed 

below. 

Table 1.1 Reactions that describe the functioning of a DSC. Symbols: S (fundamental state of the dye), 

S* (excited state of the dye), S
+
 (oxidized state of the dye), SC (semiconductor), CB (conduction band), 

TCO (transparent conducting oxide).  

[1] Photoexcitation  S + h  S* 

[2] Electron injection  S*  e
-
(CB)  (SC) + S

+ 
 

[3] Relaxation S* S   + hν 

[4] Electron transport  e
-
(CB)  (SC)      e

-
 (TCO) 

[5] Recombination with the dye  S
+  

+ e
-
(CB)  (SC)   S 

[6] Recombination  2 e
-
(CB)  (SC) + I3

-  
3I

-
 

[7] Dye regeneration  2S
+     

+ 3I
-  
 2S + I3

-   

[8] Reaction at the counter electrode  I3
-  

+  2e
-
  (Pt) 3I

-
 

 

The maximum theoretical value for the photovoltage at open circuit condition is 

determined by the potential difference between the conduction band edge of the TiO2 

and the redox potential of the I
-
/I3

-
 couple in the electrolyte.  
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Dye-sensitized solar cells are highly complex systems. There are a lot of processes 

interconnected with each other and the chemical complexity of the device makes it 

difficult to study separately the single processes affecting the functioning of the cell. In 

fact, these processes must be studied in complete devices, because their characteristics 

are affected by the overall functioning.  

1.2.2.  The dye: light harvesting and charge separation 

The semiconductor oxides used in DSCs are wide band gap materials, which do not 

absorb in the visible. The function of harnessing the solar light is carried out by the 

sensitizer molecules attached to their surface. The absorption spectrum of the optimum 

dye for DSCs should cover the whole visible region and even part of the near-infrared 

(ideally, a threshold of 920 nm should be harvested
31

). In addition, the dye must have 

suitable anchoring groups, which firmly attach the molecule to the semiconductor oxide.  

Upon light absorption, the dye molecule is promoted to its excited state (Table 1.1 

and Figure 1.3, reaction [1]). From this excited state, the dye molecule can return to its 

ground state (reaction [3]) or can inject an electron into the conduction band of the 

semiconductor (reaction [2]). In order to understand the mechanism of charge separation 

in DSCs, the time scale of processes [2] and [3] must be compared. The key rate 

requirement at this step is that injection must be at least 100 times faster than the 

relaxation of the dye from its excited state
32

. The kinetics depends on several factors, 

which are principally determined by the kind of dye and the semiconductor. In the case 

of standard cells with ruthenium-complex dyes, the relaxation of the sensitizer is 

believed to occur with a rate that is several orders of magnitude slower (~10
-8 

s) than the 

forward injection (~10
-13

s)
33

. The presence of a local electrostatic field is not required 

because the charge separation is achieved thanks to the large kinetic asymmetry 

between the forward electron transfer and the back relaxation. 

In the injection dynamics of DSCs, the energy difference between the conduction 

band of the semiconductor and the excited state of the sensitizer is a determining 

factor
34

 and for successful sensitization, the dye LUMO level must be higher in energy 

than the conduction band of the semiconductor
28

. The driving force necessary for a 

rapid vectorial charge displacement is believed to be small (around 0.1 eV) for 

ruthenium-complex dyes. Generally, it is accepted that electron injection is very fast 

and, at least for ruthenium-based dyes and titanium dioxide, injection is not considered 



1. Introduction 

 

12 
 

a limiting factor in the DSC performance. However, recently Koops et al.
32

 reported a 

slow injection time in the presence of tert-butylpyridine and Li
+
. These are common 

electrolyte additives that, as will be discussed in following Chapters, are added to the 

device to improve cell performance. According to these authors, in some cases injection 

is slow enough for kinetic competition with relaxation of the dye. 

 Ruthenium-complex dyes are the most used as well as the most successful sensitizers 

for application in DSCs. These dyes exhibit a strong absorption in the visible and a 

long-lived excited state (20-60 ns)
10

 due to the metal-to-ligand charge transfer (MLCT) 

character of their light absorption
35

. In a molecule with a MLCT transition the highest 

occupied molecular orbital HOMO is located near the metal, meanwhile the lowest 

unoccupied molecular orbital LUMO is located near the molecule ligands. In a 

ruthenium-complex dye, upon illumination, electrons are promoted from the ruthenium 

metal center to the carboxylated bipyridil ligands. These carboxylate groups are directly 

coordinated to the surface titanium ions producing intimate electronic contact between 

the sensitizer and the semiconductor
33

. Therefore, the ruthenium-complex dye possesses 

directionality in the excited state and this directionality is one of the reasons for the fast 

electron transfer process at the ruthenium dye/TiO2 interface.  

Thousands of dyes have been explored in the last two decades and, up to know, the 

best performing dye-sensitized solar cells have been fabricated with ruthenium-complex 

dyes. However, although this kind of complexes seem to be appropriate sensitizers for 

TiO2, it has been proved that ruthenium dyes are not suitable for ZnO. Looking for a 

more appropriate dye for this semiconductor has been one of the aims of this thesis.  

1.2.3.  The electrolyte: regeneration of the dye and hole conduction  

The electrolyte is a key component in a dye solar cell, which plays different roles in 

the functioning of the device. The basic components of a standard electrolyte are a 

solvent and a redox couple. Besides, some additives are usually present in the 

electrolyte. These additives, although not essential for the functioning of the cell, have 

proved to lead to better cell performances, and the effect of some of them in the 

performance of ZnO solar cells will be analyzed in detail in Chapter 6. The most 

frequently used and at the same time the most successful electrolyte up to now in a DSC 

is composed of the redox couple I
-
/I3

-
 in an organic solvent. Some other redox shuttles 

as for example cobalt-based systems
36

, SCN
- 
/ SCN3

- 37,38
 and SeCN

-
/SeCN3

- 
 
37,39

  have 
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also been explored. However iodide-based electrolytes are particularly well suited for 

DSCs and no other known redox couple works nearly as well
31

.  

After photoinduced electron injection from the dye into the conduction band of the 

semiconductor, the dye is in its oxidized state and must be reduced by an electron donor 

in the electrolyte.  The regeneration of the dye to its ground state must be faster than the 

recombination with conduction band electrons (Table 1.1, reaction [5]). The 

concentration of iodide ions in the DSC is usually very high (>10
20

 cm
-3

 /0.5 M)  and the 

regeneration of the dye by the most common ruthenium-complex sensitizers is a very 

fast reaction (~10
-6

-10
-9

 s)
10,40-42

. A rapid regeneration kinetics of the oxidized dye by 

iodide was also observed in organic sensitizers such as chlorophyll derivates
43

 and a 

porphyrin (ZnTPPC)
44

. Thus, recombination with the dye is usually neglected
45

 as a loss 

mechanism in a dye-sensitized solar cell.  

The driving force that makes possible the regeneration of the dye is the difference in 

the oxidation potential of the dye and the electrolyte (Figure 1.3).  A driving force ≥  

0.5 V has been measured for ruthenium-complex sensitizers and also for some organic 

dyes
43,44

. However, recently Wenger et al.
46

 demonstrated that a metal-free organic 

sensitizer with a measured driving force for regeneration of only 0.150 V can operate 

functionally in dye-sensitized solar cells. This opens the possibility of reducing 

photovoltage losses due to poor energetic alignment of the components and of using 

dyes with smaller bad gaps that consequently absorb in the infrared. The detailed 

mechanism of the dye regeneration reaction has not been fully elucidated and numerous 

factors appear to influence its rate. Apart from the oxidation potential of the dye, this 

rate was found to depend strongly on the nature and concentration of the cations present 

in the electrolyte solution
40

. Pelet et al.
40

 found that the nature of the cation of the iodide 

salt has a significant effect on regeneration: rapid regeneration occurs in the presence of 

small cations capable of specifically adsorbing onto the TiO2 surface, such as Li
+
 and 

Mg
2+

, whereas much slower regeneration was found with TBA
+
 ions. This effect was 

attributed to the resulting higher local iodide concentration near the TiO2 surface when 

positive charge is adsorbed.  

The photovoltage of the cell depends to a great extent on the redox couple, which sets 

the electrochemical potential at the counter electrode. The electrolyte also affects the 

electrochemical potential in the semiconductor oxide, as recombination of electrons 
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with the oxidized species in the electrolyte is the main loss mechanism in the cell.  In 

fact, the main quality of the iodide/triiodide couple is a much slower kinetics of 

recombination with electrons in the conduction band as compared to other redox 

couples. 

Transport of the redox mediator between the electrodes is mainly driven by diffusion. 

Triiodide must migrate from the photoelectrode to the counter electrode, where it is 

reduced to iodide. Simultaneously, the reduced iodide must diffuse to the vicinity of the 

oxidized dye molecules within the cell. These processes will depend on mass transport 

of both species in the electrolyte. In typical electrolytes, sufficient excess of I
- 

is 

employed and its concentration is around ten times higher than that of tri-iodide. This 

higher concentration, in addition to a higher diffusion coefficient of I
- 
with respect to I3

-
, 

makes the current limitation mainly due to diffusion of the triiodide ions.  Apart from 

diffusion coefficient and concentration of the species, another key factor in this 

diffusion process is the distance between the electrodes
47

.  

Different alternatives to the standard electrolyte described above have been explored 

as hole conductors for dye-sensitized solar cells. To overcome problems associated to 

evaporation of the organic solvents, they are often replaced by ionic liquids. Ionic 

liquids have a much higher viscosity than organic solvents, but they have a negligible 

vapour pressure. Therefore, they do not present evaporation problems. The use of ionic-

liquid-based electrolytes will be explored in detail in Chapters 6 and 7. Other 

alternatives to the standard dye-sensitized solar cell electrolyte are used in solid state 

devices. In this kind of DSC the liquid electrolyte is replaced by a p-type semiconductor 

or a p-type organic material. The hole conductor needs an intimate contact with the dye 

monolayer covering the porous semiconductor to efficiently regenerate the dye. In 

standard dye-sensitized solar cells this is easily achieved as the liquid electrolyte 

penetrates completely in the nanostructure. In contrast, inefficient pore filling, together 

with high recombination rates with conduction band electrons are the main limitations 

of solid-state devices. Spiro-MeOTAD is the most used p-type material
48,49

. 
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1.2.4.  The counter electrode: regeneration of the oxidized species in the 

electrolyte 

After diffusion through the electrolyte, triiodide is reduced to iodide at the counter 

electrode. The counter electrode in a DSC is usually formed by a thin catalytic layer of 

platinum onto a conducting glass substrate. An overpotential is needed to drive this 

reaction at a certain current density. This exchange current density for the redox system 

should be as high as possible in order to minimize the kinetic overpotential. It has been 

shown that the overpotential at the counter electrode is small, less than 20 mV
37

, as the 

exchange current density at a platinum-coated electrode is sufficiently high at about 10-

100 mA cm
-2 33

.
 
This is indicative of the excellent catalytic properties of platinum. The 

rate of electron transfer from the conduction band of the oxide to the oxidized species in 

the electrolyte is much slower than from the platinum-coated electrode
45

, therefore, 

voltage losses arise primarily from the effects of diffusion
28

.   

1.2.5. The mesoporous semiconductor: ZnO as electron conductor in 

dye-sensitized solar cells 

The semiconductor oxide is the physical support of the sensitizer molecules and the 

electron conductor in a dye-sensitized solar cell. As mentioned before, the mesoporous 

structure of the films is crucial for a high dye loading in the semiconductor. The wide 

band gap semiconductor titanium dioxide has been by far the most widely used DSC 

photoelectrode material. Titanium dioxide is a very versatile, non-toxic, cheap and 

chemically stable material and its suitability for dye-sensitized solar cells has been 

extensively proved. Many other wide band gap oxide semiconductors have been also 

explored as potential electron conductors in DSCs. However, up to now, no other 

material has reached efficiencies comparable to titanium dioxide. Nevertheless, some 

semiconductors present special characteristics that make them very attractive candidates 

as alternatives to titanium dioxide. The conduction band edge of SnO2, for example, lies 

around 0.5 V lower than the one of TiO2. SnO2 can be used, therefore, in combination 

with dyes with absorption close to the infrared that are unable to sensitize TiO2. The 

band gap and conduction band edge of ZnO are similar to that of anatase TiO2
50,51

. 

However, single-crystalline ZnO presents a much higher electron mobility than anatase 

TiO2, which should favour electron conduction
50-54

.  
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Zinc oxide is a direct wide band gap semiconductor with a large and diverse 

application potential. It crystallizes in three polymorphs: wurtzite, zinc blende and 

rocksalt structure. At ambient conditions, the thermodynamically stable phase is 

wurtzite, a hexagonal structure where each anion is surrounded by four cations at the 

corners of a tetrahedron and vice versa. The relatively open structure of zinc oxide 

allows plenty of sites to accommodate intrinsic defects and extrinsic dopants
55

. ZnO 

with a wurtzite structure is naturally an n-type semiconductor. It can be intrinsically 

doped via oxygen vacancies and/or zinc interstitials
56,57

. Extrinsically, ZnO can be 

doped both, n and p-type
58

. A wide range of properties of this material depend on 

doping, including a range of conductivity from metallic to insulating, piezoelectricity, 

room-temperature ferromagnetism and chemical-sensing effects. The point of zero 

charge (pzc) of ZnO is observed at pH8 - pH9, depending on the preparation method 

and experimental conditions
56

. ZnO has a relatively poor chemical stability and is easily 

etched in acids and alkalis. Thanks to this relatively poor chemical stability ZnO has 

probably the richest variety of nanostructures based on a very wide range of synthesis 

routes. Their morphologies include highly ordered nanowire arrays, tower-like 

structures, nanorods, nanobelts, nanosprings, nanocombs and nanorings among others. 

ZnO has a very diverse application field. Historically, due to its UV-absorbing 

characteristic, it has been used as pigment, protective coating on metal surfaces and also 

in cosmetics as UV protection in sun creams. It has been employed in photodetectors, in 

particular in visible-blind UV detectors. ZnO nanostructures have been widely used for 

sensing applications because of their high sensitivity to the chemical environment. 

Other applications are in light emitting diodes and lasing.  

In the last years, a great interest has been paid to this oxide in the field of dye-

sensitized solar cells and ZnO is the second most used semiconductor
10

. However, 

despite many efforts to improve the efficiency of ZnO-based dye-sensitized solar cells, 

it remains lower than the one of TiO2-based cells. The best result for a ZnO DSC up to 

now was achieved by Saito and Fujihara
59

, who obtained a 6.58%
 v

 overall efficiency. 

This is around the half of the maximum efficiency obtained for TiO2
25

. Along this 

thesis, the reasons for this lower performance will be analyzed. 

 

                                                             
v This record efficiency was obtained with open cells and a cell area of 0.25 cm

2 
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1.2.6.  Scale-up and commercialization of dye-sensitized solar cells 

DSCs are not only a matter of scientific research. The industry is starting to pay 

attention to this new technology and more than one hundred industrial laboratories 

worldwide are working on the development of DSC-based photovoltaic devices
31

.  

DSC technology possesses some clear advantages with respect to other photovoltaic 

devices. The first and probably the most attractive for a practical application is its price. 

The DSC technology shares the cost advantage of all thin film devices with respect to 

conventional photovoltaic technology. But, in contrast, it uses non-toxic materials and 

avoids costly production steps (e.g. high vacuum, high temperature, clean-room 

demands). However, as discussed below, there are still some bottlenecks in potential 

fabrication costs such as the price of the transparent conducting oxides used as substrate 

and of the dyes based on precious metals.  

Efficiency of the new DSC technology must be above a certain threshold in order to 

successfully compete with technologies already established. Although record 

efficiencies above 11% have been reached in the laboratory for small cell areas 

(typically in the sub-square-centimeter-range), these values reduce to around 8% as a 

consequence of the scale-up of the area within a working module (25-100 cm
2
). In 

addition, a very controversial topic is the fact that after more than 20 years of research, 

the record efficiency is not much higher (11%
25

) than the one reported by Grätzel and 

O´Regan (7%
20

) in the Nature work, which opened the dye-sensitized solar cell research 

field.  

Another key for industrial success is long-term stability. DSC stability is a very 

controversial topic and it is one of the weak points of this technology. For a 20-year 

lifetime of a device, its components must withstand several millions of turnovers. In 

addition, as any photovoltaic device, they have to stand very high temperatures, which 

can lead to structural transformation of the dye-TiO2 system. Another crucial factor in 

the stability is the sealing. DSCs (at least for the standard configurations) are liquid-

based devices. The sealing materials must avoid the evaporation of the electrolyte as 

well as the accumulation of H2O inside the cell. At the same time the sealing material 

must be chemically compatible with the solvent and components of the electrolyte. 

Industrialization of DSCs is in progress to overcome these issues and several successful 

tests of solar cells under outdoor conditions have been carried out. The stability of 
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DSCs was tested over 20,000 hours of simulated sunlight at an average light level 

corresponding to 0.8 sun
vi
 

31
. With respect to lifetime, the industrial DSC company 

Dyesol, reported accelerated aging tests, which indicated a service life of at least 25 

years in the climate conditions of southern Europe. As will be described in Chapter 6, 

the substitution of organic solvents by non-volatile solvents is a very promising 

approach towards reaching such high stability demands. In this thesis special attention 

has been paid to the stability of DSCs and the use of non-volatile electrolytes such as 

ionic-liquid-based ones has been analyzed. 

Another controversial issue concerning the industrialization of DSC technology is the 

use of a dye based on a precious metal. Ruthenium is rather rare and the relatively small 

size of the market leads to highly volatile prices. However, the search for alternative 

dyes is a very active field and pure organic sensitizers have reached practically the same 

yield as ruthenium complexes
60

. Nevertheless, the contribution of ruthenium to the total 

price of the device is less than 0.01€/pWatt
61

 given the small amount employed. 

Nowadays the component of the DSC that contributes most significantly to the final 

price of this technology is the transparent conducting oxide substrate (TCO). The most 

frequently used TCOs are fluorine- and indium-doped tin oxides. The price and 

availability of these TCOs significantly depend on the demand and the availability of 

Sn. Taking this into account, alternatives to Sn-based TCOs must be considered. DSCs 

are compatible with various supporting materials as, for example, flexible ones. Apart 

from obvious advantages of flexible substrates in terms of versatility, they provide a 

mayor benefit to mass production: in contrast to glass, flexible substrates can be used in 

continuous roll-to-roll processes, making possible an extensive and low cost production. 

At the moment, DSCs cannot compete with other photovoltaic technologies for grid 

connected solar farm applications. Photovoltaic devices in solar farms are designed to 

work under an optimal orientation and relatively strong light intensities. These working 

conditions are more suited for traditional PV. However, silicon panels suffer from 

significant loss of efficiency when working at low intensity levels or high 

temperatures
62

. In contrast, DSCs perform particularly well under conditions 

corresponding to ~ 0.2 to 0.5 sun, and their efficiencies are practically independent of 

temperature in the range 25-65ºC
61

. Over the same range of temperature the efficiency 

                                                             
vi One sun is equivalent to 100 mW cm

-2
 illumination (see Chapter 4). 
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of Si solar cells diminishes approximately by 20%
61

. In addition, the efficiency of 

standard silicon technologies is much more dependent on the angle of incidence than in 

DSCs. DSCs perform well under diffuse light illumination or cloudy conditions and 

show high tolerance to partial shading.  

The combination of all the characteristics described above makes the integration of 

DSCs into building architecture (an area known as Building Integrated Photovoltaic 

Applications, BIPV) one of the most interesting field of application for this new 

technology. First and second generation solar cells are only useful for roofs due to their 

high dependence on angle of incidence and direct light illumination. However, DSCs are 

suitable also for some applications where the angle of incidence is far from optimal, as, 

for example, on façades
63

. DSCs present also aesthetic advantages such as a wide range 

of available colors, non-reflectivity and partial optical transparency. The second main 

application for dye-sensitized solar cells is as alternative to batteries for stand-alone 

electronic equipment as, for example, mobile-phone chargers or decorative articles.  An 

important property of this kind of products is their relatively short product life (up to 

five years, approximately). This makes possible a wider range of choice of materials 

due to the less demanding stability requirements. Flexible DSCs are very suitable for 

this kind of applications, competing with flexible amorphous silicon. The key qualities 

of DSCs are the customized colour options, wide variety of shapes, low light 

performance, excellent performance in diffuse light and a better average performance 

across the light range. Some of the application areas of DSCs under development and 

the main companies working on this technology are summarized in Table 1.2. 

Table 1.2 Some application areas of DSCs under development in various countries. Source [31]. 

Companies Type of application 

Sharp, Sony, Nanomax, IPP, FIS Large area solar panels for terrestrial power generation 

Dyesol Italian BIPV Company, 

Color-Sol project of Germany 
BIPV 

Dyesol Flexible power plastics 

3G Solar of Israel Power generation for remote area needs 

SJC-Shimane Inst. of Industrial Tech. Street lights and road signs 

Sony´s self-powering lamp shades Consumer household electronics 
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DSC technology is rapidly evolving toward full commercial viability. However 

several issues must be overcome before reaching a stage where it is ready to compete 

with other photovoltaic technologies.  

1.3.  Scope and structure of the work 

The main objective of this study is to identify the advantages and limitations of ZnO 

as electron conductor in dye-sensitized solar cells. To achieve this general objective, 

this work has been divided in four main topics: (1) the search for an organic dye 

sensitizer suitable for ZnO, (2) the substitution of organic solvent electrolytes by ionic 

liquids to develop ZnO-based DSCs with high stability, (3) the influence of the 

semiconductor morphology on the performance of ZnO-based DSCs and (4) the study 

of the transport and recombination properties of this semiconductor in DSCs. 

Chapter 2 is devoted to the theoretical description of recombination and electron 

transport in DSCs, which will set the basis for the subsequent analysis of the 

experimental results. In Chapter 3 and Chapter 4 the methods and procedures 

employed for the characterization and the fabrication of DSCs are described.  

From Chapter 5 to Chapter 9 the results of the research carried out along this thesis 

are detailed. In Chapter 5, a comparative study between xanthene derivative dyes and a 

ruthenium-complex dye is carried out, highlighting the advantages and limitations of the 

different dyes as sensitizers for ZnO. The following two Chapters are devoted to the 

study of ZnO dye-sensitized solar cells with ionic-liquid-based electrolytes. Firstly, in 

Chapter 6, several combinations of ionic liquids are tested as electrolytes for ZnO-

based cells sensitized with a ruthenium-complex dye. Subsequently, in Chapter 7, these 

electrolytes are employed in ZnO-based cells sensitized with an organic dye. In 

particular, the importance of the oxide-dye interaction to obtain long-term stable ZnO-

based cells sensitized with organic dyes will be pointed out. Chapter 8 is devoted to the 

study of the influence of the semiconductor structure on the performance of ZnO dye-

sensitized solar cells. Electrodes based on one-dimensional nanowire arrays are 

compared to nanoparticle-based electrodes, and the differences between them are 

analyzed. In Chapter 9, the electronic and recombination properties of ZnO-based cells 

are analyzed by means of a wide variety of complementary techniques. The same 

theories, which are used to describe the behaviour of TiO2-based cells, are applied to 

ZnO and the differences and similarities between both oxides are described. 
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Finally in Chapter 10, conclusions are drawn together with an outlook on the future 

research of ZnO-based solar cells. Complementary information and additional results 

can be found in the Appendix. 
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2. Theoretical description of dye-sensitized solar cells 

2.1.  Current-voltage characteristics 

A solar cell is a particular case of a diode, an electrical device, which favours current 

flow in one direction, but not in the opposite. A diode has a certain characteristic 

relationship between produced current and applied voltage. This relation is known as 

the current-voltage characteristics or IV curve of the diode, and it is expressed as 

                                                                                   

where J is the dc electrical current density running through the device and V is the 

externally applied bias. The universal shape of an IV curve in a solar cell (Figure 2.1) is 

a consequence of the balance of two opposing mechanisms: (1) light-induced charge 

separation and subsequent current generation and (2) loss processes (recombination). 

The application of an external forward bias to the solar cell implies the accumulation of 

electrons within the anode. This leads to an increase of the dark current that opposes the 

current generated by the cell. The net current tends to cancel at sufficiently high bias 

(open circuit conditions). At zero bias the cell produces its maximum current (short 

circuit conditions). The solar cell generates power when it produces current at non-zero 

bias (Figure 2.1).  

 

 

 

 

 

 

 

Figure 2.1 An example of an IV curve where the different key parameters are shown: Jsc (short circuit 

current), Voc (open circuit voltage), Pmp (maximum power point). ECC stands for external current 

collection. The output power (J·V) is also plotted in the graph (dashed line). 
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From a practical point of view, the most important piece of information one can obtain 

from an IV curve is the maximum output power of the device per unit area, Pmp. The 

maximum power point in an IV characterization is defined by the square under the IV 

curve with the largest area, a point which yields the maximum product of current and 

voltage (Vmp·Jmp) (Figure 2.1). Other important parameters in every IV curve are the 

current density at short circuit conditions (short circuit current density, Jsc) and the 

voltage at open circuit conditions (open circuit voltage, Voc).  

The behaviour of a solar cell can be described, in its simplest form, by the diode 

equation. Assuming no series or shunt resistances, this can be written as
1
  

               
  

   
                                                  

where Jsc is the short circuit photocurrent, J0 is the exchange-current, q the elementary 

charge, k the Boltzmann constant, T the absolute temperature and m the ideality factor. 

The shape of an IV curve is described by the fill factor (FF). The fill factor is a 

phenomenological quantity, with a value between 0 and 1, being close to one in the case 

of an ideal diode (m = 1) and related to the non ideality factor m. It defines the ratio of 

the actual maximum power (Vmp·Jmp) to the maximum power theoretically attainable by 

the solar cell (Jsc·Voc). The overall solar-to-electrical energy conversion efficiency of a 

solar cell (η) can be expressed as  

   
      
   

                                                                    

where     is the power density (W m
-2

) of the incident light.  

2.2.  Electron recombination and the origin of the photovoltage in dye-    

sensitized solar cells 

As already mentioned, the main loss process in a dye-sensitized solar cell is the 

recombination of injected electrons in the conduction band of the semiconductor with 

oxidized species in the electrolyte. The majority of theoretical and experimental studies 

about the recombination kinetics in DSCs are based on the iodide/triiodide redox 

couple. It is generally accepted that the net recombination reaction between TiO2 and 

this redox couple is a two electron reaction
2
 given by 
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Two possible intermediate steps are possible for the reaction expressed in Equation 

2.4, a first elementary step consisting in electron capture by   
  to form iodine radical 

ion I2
- 

  
          

                                                              

followed by two possible second steps involving I2
-
, 

  
                                                                           

or 

   
     

                                                                     

Therefore, it is believed that the reaction is constituted of a multiple-step mechanism, 

very probably involving the species I2
- 

with one of the steps being rate-determining. 

After more than one decade of research, the exact nature of this electron transfer is not 

known in detail yet. It is believed to depend on specific factors of the device such as the 

dye molecule and the electrolyte solvent
3
. In any case the reaction has been shown to be 

approximately first order with respect to either of these iodide species, I2
-
 or I3

- 4
. 

According to classical chemical kinetics, the rate of the back reaction (U) (measured 

in cm
-3

 s
-1

) depends on the reactant concentrations and the rate constants for electron 

transfer 

       
     

                                                                   

where k0 is the rate constant for the back reaction of electrons, n the electron 

concentration and the exponents represent the reaction order with respect to electrons 

and tri-iodide ions, respectively. In order to make progress towards a simple model that 

describes the recombination process in DSCs several assumptions are made: 

 The reaction is first order in both, electron and triiodide concentration 

 Electrons can be transferred only from the conduction band (i.e. they are not 

trapped when recombining) 
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 Triiodide concentration is many orders of magnitude larger than the electron 

concentration in the oxide  and can be treated as a constant 

Assuming these statements, Equation 2.5 can be formulated as a first order reaction 

in terms of the free electron concentration: 

                                                                                  

where kr corresponds to kr = k0[I3
-
] and nc is the free electron concentration 

(concentration of electrons in the conduction band). This linear recombination term was 

introduced in the theoretical model proposed by Södergren et al.
5
 in an early stage of 

DSC research. However, it has been found that this model cannot describe DSC 

characteristics quantitatively
6
. As will be shown several times in this thesis, this simple 

recombination term implies an ideal behaviour of the solar cell (an ideal diode). 

However, evidence for non-linearity in the recombination is often found in DSCs, also 

for the ZnO solar cell studied here. For example, the measurement of the charge transfer 

resistance or recombination resistance in a DSC is commonly affected by non-ideal 

features. To get insight into this point it is necessary to start from the definition of the 

recombination current, jrec 

                                                                                    

where q is the elementary charge and   the thickness of the film. From the reciprocal 

derivative of this recombination current with respect to voltage
7
 the recombination or 

charge transfer resistance (Rct) is obtained 

    
 

 
  
     
  

 
  

                                                                 

where A is the cell surface area. Substituting Equation 2.7 in Equation 2.8, the 

recombination resistance can be related to the derivative of the recombination rate   

    
 

   
  
   
  

 
  

                                                            

Experimentally it is found that the resistance fits to the following empirical equation 

when measured as a function of applied (forward) bias 
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where Rct,0 is a constant and β the so-called transfer  parameter. In a linear (ideal) model 

β would be equal to one. However, in experimental measurements of the charge transfer 

resistance for DSCs usually a parameter β <1 is observed. This is interpreted as an 

indication of nonlinear recombination in DSCs
6
. If we assume a non linear 

recombination model, Equation 2.6 can be rewritten as 

        
                                                                          

where β, the transfer coefficient, defines the recombination order in the sublinear 

recombination kinetics. Using Equations 2.9, 2.11 and the relation between the free 

electron concentration and the voltage that will be described below (Equation 2.18), the 

empirical expression of Equation 2.10 is obtained. Hence, the experimental transfer 

coefficient is shown to be equivalent, according to this description, to the electron 

reaction order in Equation 2.11.  

The origin of non-linearity or non-ideality (we have just shown that both concepts are 

related, the first being connected to the kinetics of the recombination reactions, the 

second being an empirical feature) is an open problem. In dye-sensitized solar cells 

electrons can be transferred from the conduction band (free electrons) or from surface 

states located in the band gap of the oxide
7,8

. A recombination order lower than one is 

an empirical way of describing that electron transfer from the TiO2 layer to I3
-
 ions may 

take place also from those occupied surface energy levels located in the energy gap
9
. 

However, a recombination through surface states is not the only explanation for 

sublinear recombination kinetics. A recombination order different to 1 can also arise 

from movements of the conduction band edge under illumination and kinetic 

complications due to the fact that reduction of triiodide is a two-electron process. 

 The most important indirect measurement of the conduction band electron density is 

the open circuit photovoltage (Voc). The Voc in any solar cell corresponds to the 

difference in electrochemical potentials (or Fermi energies) of electrons in the contacts 

on each side
10

. The number of electrons in the conduction band can be derived from the 

density of states function Nc(E) of electrons in the conduction band and the probability 

that an electron state is occupied f(E)
11
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The probability of occupation is given by the Fermi-Dirac distribution function 

      
 

      
    
   

                                                     

where EF is the Fermi level, k the Boltzmann constant and T the absolute temperature. If 

we assume     >>   , we can apply the Boltzmann approximation to the Fermi 

Dirac distribution, which is reduced to
12

 

          
    
  

                                                      

It is possible then to relate the Fermi level to the concentration of electrons in the 

conduction band by the expression
12

 

           
     
  

                                                      

where Nc,, as described above, is the effective density of states of electrons in the 

conduction band, Ec is the conduction band energy and EF is the Fermi energy level in 

the oxide.  

In the dark, electrons in the oxide (nc
0
) are in equilibrium with the electrolyte and the 

Fermi level in the oxide equals the redox potential, EF,redox
7
 (Figure 2.2). The redox 

potential of the electrolyte solution is given by the Nernst equation 

              
  

  
  
   
  

    
                                                 

where R, T, n and F are the ideal gas constant, the temperature, the number of 

transferred electrons (n = 2 in this case (Equation 2.4)) and the Faraday constant, 

respectively, and E
0
 the standard reduction potential of the I

-
/I3

-
 redox couple. 

Under illumination (or externally applied bias), electrons in the oxide are no longer in 

equilibrium with the redox system and the electron density in the conduction band rises 

to a steady-state value. This steady-state electron concentration is determined by the 

balance between electron injection and electron transfer to I3
- 
and the oxidized dye

13
 and 

it defines the quasi-Fermi level (nEF) of electrons 
10

 (Figure 2.2).  
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Figure 2.2 Energy level diagram of a DSC under illumination at open circuit.  

The open circuit photovoltage of the solar cell is then defined as the difference 

between the Fermi level in the dark and under illumination
14

 

                   
  

 
   

  
  
                                            

Thanks to the previous equation, the free electron concentration can be defined in terms 

of the open circuit voltage 

     
      

    
  

                                                               

At open circuit conditions and under illumination, all injected electrons will 

recombine. Therefore 

                                                                                

where G is the generation rate, describing the rate of injection of electrons into the oxide 

(in units of electrons cm
-3

 s
-1

). This generation rate, as will be shown in following 

sections, is proportional to the intensity of the incident light (I0). If we assume linear 

recombination kinetics, from Equations 2.6 (Un = krnc), 2.17 and 2.19 we get the 

following relation between photovoltage and light intensity 
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This approximation predicts, therefore, that DSCs should behave as an ideal diode
10

, 

and a semilogarithmic plot of Voc versus light intensity should give a linear response 

with a slope of 26 mV at room temperature. However, usually DSC photovoltage varies 

with a slope higher than 26 mV and the empirical non-ideality factor m (Equation 2.2) 

accounts for this non ideality:  

     
   

 
                                                                 

Taking into account sublinear recombination kinetics, the reaction order β would be 

related to the non ideality factor m by its inverse (m=1/β), as can be obtained by 

combining Equations 2.11 (Un = kr nc
β
), 2.19 and 2.21 above. 

As commented before, the reasons for the non-ideality are not completely clear in the 

current literature. Apart from a reaction order different from one, it can arise from the 

fact that the relationship between the free electron concentration and the cell voltage as 

described in Equation 2.18 is only approximate. Some authors
3
 have recently proposed 

an additional non-ideality parameter to describe the dependence of the conduction band 

electrons with Fermi level. This could be interpreted as a parameter modifying the 

effective concentration of free electrons in the conduction band (via an electron 

activity
15

), or a parameter shifting the TiO2 conduction band with electron 

concentration
16

. 

2.3.  Photocurrent and incident photon-to-current efficiency 

The short circuit photocurrent Jsc of a dye-sensitized solar cell is determined by the 

overlap between its spectral incident photon-to-current efficiency (IPCE) and the 

spectral photon flux (I0) of the incident illumination on the cell
17

 

                     
    

    
                                                    

where λmin and λmax define a wavelength range. The IPCE can be calculated from the 

efficiencies of the processes that determine the electrical conversion in DSCs (Figure 

2.3) by 
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where ηlh (λ) is the light-harvesting efficiency (or absorptance) of the sensitized oxide 

layer, ηinj (λ) is the electron injection efficiency from the sensitizer into the oxide 

(Section 1.2.2) and ηcol (λ)  is the electron collection efficiency. 

 

Figure 2.3 Scheme of the processes, which determine the incident photon-to-current efficiency of DSCs. 

The light harvesting efficiency or absorptance of the sensitized films indicates how 

efficiently the adsorbed dye molecules harvest the incident light. The electron injection 

efficiency (or injection quantum yield) corresponds to the probability that a dye 

molecule in the excited electronic state injects an electron to the conduction band of the 

semiconductor. It thus determines how IPCE depends on charge separation at the 

dye/semiconductor interface. The charge separation depends, as explained in Section 

1.2.2, on the driving force for electron injection from the LUMO of the dye to the 

conduction band of the semiconductor oxide, but also, as recently reported
18

, on the 

populations of the acceptor and donor levels in the injection process and the 

corresponding back process (electron dye-recombination). Finally, the electron 

collection efficiency is an indication of the probability that a photogenerated electron 

reaches the collecting substrate contact before it is lost by recombination
17

. The 

collection efficiency thus depends on the average distance that electrons travel before 

recombination, which is expressed by a key parameter known as the electron diffusion 

length (L)
19

.  The photogenerated electron collection efficiency can be predicted by 

solving a continuity equation for electrons where generation, transport and 

recombination are taken into account simultaneously. This will be described in detail in 

the next section. 

To mark the division of the IPCE into its optical and electrical parts, the absorbed 

photon-to-current-conversion efficiency (APCE) can be defined. The APCE defines 

how efficiently absorbed photons are converted to electrons collected at the TCO 

substrate. The APCE is obtained by 
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For state-of-the-art DSCs, the APCE reaches typically up to 100 % and the IPCE 

about 85% depending on reflection losses at the DSC substrate
7
. 

2.4.  Continuity equation for electron transport in a dye-sensitized solar 

cell 

The standard model of electron generation, transport and recombination at the 

nanostructured photoelectrode in a DSC was introduced originally by Södergren et al.
20

. 

It is based on solving the continuity equation for free electrons. In a general form, the 

continuity equation for the electron density can be expressed as 

   
  

    
 

 
                                                            

where nc is the free electron concentration, Jn is the electron current density (C cm
-2

 s
-1

), 

G is the electron generation rate (in electrons cm
-3

 s
-1

) and Un  is the  recombination rate 

(in electrons cm
-3

 s
-1

). 

 Features related to illumination, light-harvesting and electron injection are included in 

the generation term. This term is expressed by the electron injection efficiency ηinj and 

the Lambert-Beer law for absorption as a function of distance 

                                                                         

where αabs is the wavelength-dependent absorption coefficient of the dye-sensitized 

layer,   is the distance to  the anode (also called collecting or working electrode) and    

is the incident photon flux.  

The mesoporous semiconductor electrode, which is the main component of a dye-

sensitized solar cell, consists of numerous interconnected nanocrystals. The transport in 

mesoporous electrodes is quite different compared with their compact analogues and the 

exact transport mechanisms that take place in DSCs are still under active debate even 

today. The two major mechanisms that govern electron current density Jn in a 

semiconductor are drift and diffusion
11

. Drift is charge particle motion in response to an 

applied electrical field. In contrast, if carriers diffuse, they move from regions of high 
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concentrations to regions of low concentration until the concentration gradient is zero.  

This can be expressed as: 

          
  

  
                                                                  

 

where n is the electron concentration,  μ  the electron mobility, E the electrical field and 

D the electron diffusion coefficient. The nanostructure of the semiconductor and also 

the presence of an electrolyte introduce profound changes in its photoelectrochemical 

properties. Of great importance is the fact that there is no significant local electric field 

to assist in the separation of photogenerated electron–hole pairs. This is a consequence 

of three factors that are typical for nanostructured solar cells:  (1) the particles are too 

small
21

, (2) TiO2 colloids have usually a low carrier concentration
22

 and (3) the 

nanoparticles are surrounded by an electrolyte with a high ionic strength. As a result, a 

depletion layer cannot be formed in the solid and the nanoparticles will not display any 

significant band bending. Transport occurs then mainly by diffusion, based on the 

gradient in electron concentration in the mesoporous oxide. Therefore, Equation 2.27 is 

reduced to its diffusion term. In addition, this diffusion will be an ambipolar process, 

where both electrons and holes (excess of ionic positive charge in the electrolyte) 

contribute to the total current and the motion of both kinds of carriers is inseparable due 

to electrical neutrality
23

. The ambipolar diffusion coefficient is defined as 

      
     

 
 

      
   

 
          

 
                                               

where n and Delectrons are the density and diffusion coefficient of electrons, respectively, 

and p and Dholes are the  density and diffusion coefficient of holes. If the density of holes 

(ions in DSCs) p vastly exceeds the density of electrons n, the previous equation can be 

simplified to Damb = D electrons.   

Therefore, the ambipolar diffusion model and the absence of electrical fields lead 

directly to the conclusion that electron diffusion in the semiconductor oxide controls the 

current density in electrolyte filled cells. Transport is dominated by an electron density 

gradient or, in terms of energetics, by a gradient in the quasi-Fermi level for 

Drift 

 

Diffusion 
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electrons
10,24

. The second term in the continuity equation accounting for the diffusion 

current density of electrons can be expressed by Fick´s law in terms of free electrons 

      
   
  

                                                                  

where D0 is the diffusion coefficient of free electrons. From the generalized Einstein 

relation the conductivity related to the electron diffusion process can be obtained
25

 

      
   
   

                                                                

where μn is the electron mobility. From Equations 2.29 and 2.18 (nc = nc
0
 exp(qV/kT)) 

and assuming a constant mobility, an expression for the transport resistance (Rt) in the 

semiconductor can be obtained 

            
  

  
                                                         

where Rt,0 is a constant for all the samples provided that their geometrical dimensions 

are similar. Equation 2.31 predicts an exponential behavior of the transport resistance 

with a slope of 26 mV. 

Recombination is usually expressed in terms of the lifetime of electrons, which is 

defined as the inverse of the recombination constant 

   
 

  
                                                                         

The recombination term (Un) in the continuity equation expressed in terms of the 

electron lifetime is then given by 

    
        

 

  
                                                          

According to the previous descriptions of the different terms of the continuity 

equation, time-dependent free electron density nc (x,t) can be written as: 
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The steady state solution to this equation assuming linear recombination (β = 1) yields 

the free electron concentration distribution through the semiconductor film. Figure 2.4 

illustrates the steady-state profiles of conduction band electrons for short circuit and 

open circuit.  

 

 

 

 

 

Figure 2.4 Typical concentration profile of free electrons in the DSC under short circuit and open circuit 

conditions as obtained from the solution of the continuity equation. 

 Since electron transport occurs by diffusion, an electron density gradient must be 

present within the nanostructured semiconductor electrode at conditions different from 

open circuit (Figure 2.4). This is related to a spatial variation of the quasi-Fermi level 

within the semiconductor electrode
3
. 

The electron collection efficiency can be described by this standard diffusion model, 

solving the continuity equation for the free electron density nc. Assuming that electron 

recombination is linear with nc, at steady-state conditions with no generation (dark 

conditions) the continuity equation is reduced to 

  
         

   
 
             

  
                                           

The general solution of this differential equation is an exponential function for nc 

where the diffusion length is the decay parameter, which can be defined as
7,19,26,27,44,45

  

                                                                               

As the average value of an exponential function coincides with the decay parameter, 

this result demonstrates that Equation 2.36 describes the diffusion length of electrons. 

Besides, as D0 and τ0 are constants, the diffusion length should be constant under the 

assumptions of simple diffusion of free electrons and linear recombination. 
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2.5.  Electron traps in dye-sensitized solar cells 

It is well known that relaxation times associated with electron transport and electron 

transfer to I3
-
 in nanostructured TiO2, as measured by small amplitude time or frequency 

domain techniques, are density-dependent
23,28-30

. All of these techniques measure the 

effective values of the diffusion coefficient and the lifetime (Dn and τn, respectively) 

rather than D0 and τ0, as will be explained in this section. Effective diffusion coefficients 

for electrons in nanostructured TiO2 electrodes are around 10
-8

 to 10
-4

 cm
2
 s

-1 31
, orders 

of magnitude lower than those determined for single crystalline anatase TiO2 (∼0.4 cm
2
 

s
-1 32

). On the other hand, values for electron lifetimes in DSCs measured by kinetic 

techniques typically lie in the millisecond range, which is much longer than the 

conduction band electron lifetime (tens of microseconds
33

). As mentioned before, the 

effective values of both magnitudes are density-dependent and the electron diffusion 

coefficient has been observed to increase with intensity and forward bias, while the 

electron lifetime decreases. As a consequence, transport becomes more rapid at higher 

light intensities
24

 as well as recombination. 

The behaviour of the relaxation times described above is usually explained using a 

multiple trapping (MT) model
34-36. This model assumes that TiO2 electrodes are an 

effective medium with a distribution of localized energy states (traps) bellow the 

conduction band edge
37

 (Figure 2.5).
  

 

Figure 2.5 Schematic diagram of the multiple-trapping description of electrons in mesoporous oxide 

electrodes. 

 

 

Transport level 

(extended state) 
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Electronic states are composed of a transport state (usually identified with the lower 

edge of the conduction band) at the energy level Ec with a diffusion coefficient D0, and 

a density of localized states g(E) distributed in the band gap
7,25

 (Figure 2.5). The key 

feature of multiple trapping is that only free electrons contribute to the diffusion current 

but transport is slowed down by trapping and detrapping events to and from the 

localized states (Figure 2.5). Trapped electrons can be thermally excited to the 

conduction band and move freely before they are trapped again. The 

trapping/detrapping process strongly increases the transport time for the electrons hence 

explaining the low value of the effective diffusion coefficient with respect to its bulk 

value. In addition, the variation of trap occupancy with illumination explains the light-

intensity dependence of the transport. A clear experimental confirmation of the 

existence of a high density of electron traps in mesoporous TiO2 comes from charge 

extraction experiments
38

. By means of this technique the amount of stored electronic 

charge in the semiconductor as a function of the voltage is measured. Charge extraction 

measurements confirm that the density of trapped electrons greatly exceeds the 

calculated density of conduction band electrons
10,33

. The density and energetic location 

of traps bellow the conduction band are usually described by an exponential distribution 

(Figure 2.5) of the form
30,39-41

  

      
   
  

    
        

  
                                                     

where E is the energy of the trap,  Nt is the total trap density (typically 10
19

-10
20

 cm
-3 

for 

TiO2)
7
 and α  is a parameter that reflects the average energy of the distribution of trap 

states below the conduction band. Commonly the trap distribution parameter α is related 

to temperature via α = T/T0 where T0 is the characteristic temperature of the distribution 

(typically T0 = 600-1500 K for TiO2
7
).  The precise nature and location of the traps in 

mesoporous TiO2 is nowadays a subject of discussion. The traps that are involved in 

electron transport in DSCs can be located either in the bulk, at grain boundaries, or at 

the TiO2/electrolyte interface, and their origin, among others, could be defects in the 

mesoporous oxide. 

The potential dependence of the stored charge defines a chemical capacitance of 

electron accumulation in a DSC. The chemical capacitance Cμ is a thermodynamic 

quantity that reflects the capability of a system to accept or release additional carriers 

due to a change in the electrochemical potential. For conduction band electrons, taking 
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into account Equation 2.15 (nc = Nc exp( -(Ec-EF/kT)), the chemical capacitance can be 

obtained by  

  
     

    
     

  
   

 

  
     

         

  
                                    

This equation defines the capacitance associated with delocalized states or transport 

states. The presence of band gap states introduces additional possibilities for loading the 

semiconductor with charges
7
. Most of the electrons in the oxide are located in trap 

states. In Section 2.2 the free electron concentration, nc, was defined. In the same way, 

the density of localized electrons in traps, nt, can also be defined as a function of the 

quasi-Fermi level. The occupancy of the traps will be given by the product of the 

density of states and the Fermi-Dirac function. Using again the Boltzmann 

approximation to the Fermi-Dirac distribution, we obtain that at zero temperature the 

occupied trap density as a function of the quasi-Fermi level is given by  

                
  

  

 
   
  

    
        

  
 

     

  

       
           

  
   

(2.39) 

If g(E) (Equation 2.37) is the distribution of traps, the chemical capacitance is 

obtained by integrating all the contributions through the band gap 

  
       

    
 

  
    

           

  
                                           

The capacitance can also be expressed as a function of voltage  

  
      

   
 

   
    

                 

  
     

               

  
        

   

  
   

(2.41) 

where C0 is a constant. Therefore, for the density of trapped carriers (which is the most 

important contribution to the total electron density), the capacitance gives a slope of 

αq/kT in a log-linear representation with respect to the applied voltage. 

In the context of multiple trapping the increase of the diffusion coefficient with light 

intensity is easy to rationalize: as the Fermi level raises, the rate of detrapping to the 
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transport level is enhanced
19

. Concerning the decrease of lifetime with a raise of the 

Fermi level, two different interpretations can be found in literature. From the 

perspective of a dynamic or transport-limited model
42-45

, if recombination is considered 

a chemical reaction between electrons and acceptors, there is a higher probability per 

unit time that electrons will encounter recombination sites if they move faster. 

Therefore, an increase of light intensity (and a consequent progressive filling of deep 

traps) results in a faster diffusion and hence in faster recombination
29

.  In contrast, from 

the perspective of a quasi-static model, increasing the photocarrier density would raise 

the Fermi level and consequently the concentration of electrons in the conduction 

band
46

. The quasi-static approximation proposed by Bisquert and Vikhrenko
47

 

demonstrates that a dynamic, transport limited mechanism is not necessary to explain 

the behaviour of lifetime. This approach reduces the general multiple trapping to simple 

diffusion formalism. The Fermi level dependence of the time constants is associated to 

trapping and detrapping of free carriers, and this process can be expressed by a single 

trapping factor,  nc/  nt. This term accounts for the change of the time constants due to 

the fraction of time that free carriers spend in traps
19

. If the trapping and detrapping 

processes are very fast with respect to the free carrier relaxation processes, an 

approximate equilibrium (quasi-static conditions) between free and trapped carriers is 

maintained even when the system is perturbed away from equilibrium. This 

approximation has been verified by random walk simulation with a realistic number and 

distribution of traps by González-Vázquez et al.
19

.   

The existence of trapping and detrapping of free electrons makes the determination of 

the electron diffusion coefficient and the lifetime from time or frequency domain 

measurements more complicated with respect to the trap-free case. For example, when a 

DSC is perturbed away from equilibrium the relaxation of free carriers is not only 

determined by the value of D0, but also by trapping and detrapping. However, the quasi-

static approximation allows the reduction of the multiple trapping framework to the 

conventional diffusion equations. Under quasi-static conditions
47

, local electron 

transport can still be described by Fickean diffusion. An effective diffusion coefficient 

of electrons is defined, that takes into account the effect of trapping and detrapping by 

defining a chemical diffusion coefficient 
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where nc is the concentration of free (conduction band) electrons, D0 is the diffusion 

coefficient in the trap-free system and nt is the total density of localized electrons in 

traps. As mentioned before, the derivative  nc/  nt is the trapping factor and expresses 

the relationship of free to trapped electron concentration for a small variation of the 

Fermi level. The effect of trapping in the chemical diffusion coefficient is dominant 

when  nt/  nc   1. In this case the equation can be simplified to: 

   
   
   

                                                                

The trapping term is unavoidable when measuring the chemical diffusion coefficient 

by any transient technique and it describes the delay of response of the effective 

diffusion coefficient with respect to the diffusion coefficient of free electrons
25,47

. 

Therefore, Dn provides the time for restoring equilibrium by transport when an excess of 

carriers is injected, whereas D0 determines (together with the carrier density) the carrier 

flux at steady state. 

A similar approach can be made to define an effective lifetime:  

      
   
   

          
   
   

                                                   

In the quasi-static approximation the trapping factor can be calculated by means of the 

common equilibrium of traps and delocalized states with respect to the Fermi level
47

. 

Since the conduction band density of electrons is given by Equation 2.15, a change of 

the Fermi level for free electrons  nc/  EF will be expressed by 

   
   

  
  
  

      
     
  

                                              

On the other hand, from the trap density expressed in Equation 2.39 one obtains 
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The density of trapped electrons and free electrons can be related thanks to the Fermi 

level 

   
   

   
  
  

     
        

  
                                     

The effective diffusion coefficient and the effective lifetime as a function of voltage (nEF-

EF,redox) can be calculated from Equations 2.18 (nc = nc
0
 exp(qV/kT)), 2.42, 2.43 and 

2.46 

         
                    

  
                                  

           
                    

  
                                 

where D
0
 and τ

0
 are the electron diffusion coefficient and the electron lifetime in the 

dark, respectively. Therefore, the effect of electron trapping kinetics is completely 

described in terms of electron densities. Furthermore, the exponential dependence on 

illumination intensity, which is observed experimentally, is correctly described.  

As mentioned in Section 2.4, the square root of the product of diffusion coefficient 

and lifetime gives a key parameter known as diffusion length. Bisquert et al.
47

, 

demonstrated that using the quasi-static approximation it is possible to determine a 

small amplitude diffusion length from separate measurements of the effective diffusion 

coefficient and the effective lifetime, provided that both parameters are measured at the 

same quasi-Fermi level position. In that case, the derivative of the trapping factor is 

equal for both parameters and 

                                                                              

As both parameters (τn and Dn) vary in opposite sense with illumination intensity and 

with power law exponents slightly different
33

(Equations 2.48 and 2.49), Peter and co-

workers
48

 claimed that in some cases the product of electron lifetime and diffusion 

coefficient compensates to a large extent, forming a nearly constant electron diffusion 

length. If so, the diffusion length is independent of light intensity and electron trapping 

would not reduce the performance of the cells. The theoretical description based on the 
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quasi-static approximation demonstrates nicely this compensation effect commonly 

observed in experiments.  

However, recent reports indicate that the electron diffusion length is not strictly 

constant, but increases with the light intensity
48-55

.
 
Some authors have attributed this 

density dependence to non-linear recombination
6,56

. The physical reason is that in a non-

linear model, the recombination rate depends strongly on the local carrier concentration
6
 

and the light intensity dependence for Dn and τn will no longer be the same. In this case 

the effective lifetime can be formulated as 

    
   
   

                                                                 

where τf is a free electron lifetime, which will depend on the specific recombination 

mechanism. If the recombination is linear with the free electron concentration, τf will be 

constant. However, in the case of sublinear recombination kinetics, the recombination 

rate will be expressed by Equation 2.11 (Un = krnc
β
), with a reaction order β lower than 

one. In that case, the free carrier lifetime shows a dependence with the Fermi level 

given by
6,19

 

    
  

   

   
     

     

   
                                           

According to this, the electron lifetime decreases more slowly with the Fermi level in 

a non-linear case, and, therefore, the diffusion length is expected to increase with 

illumination. 

An important fact that must be taken into account is that according to the quasi-static 

approximation electron trapping does not affect steady state cell performance, but only 

the dynamic electron transport and recombination characteristics. Therefore, steady-

state measurements as IPCE, IV curves or conductivity are not affected by trapping. 

 The diffusion transport model expressed by the continuity equation described in 

Section 2.4 is valid as long as it is defined under steady-state conditions. However, for 

non-steady state conditions, trapping needs to be taken into account in the formulation 

of the continuity equation, as will be seen in the following section. 
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2.6.  Continuity equation under non-steady state conditions 

A physical model that can reproduce both the experimental steady state and dynamic 

characteristics of DSCs needs to incorporate into an unique continuity equation for 

electrons the steady-state and transient behaviour of the device. Several approaches 

towards the solution of the continuity equation under non-steady conditions have been 

made. In a first approach, some authors
48,57

 solved analytically the continuity equation 

for small amplitude perturbations using intensity dependent effective values of the 

electron diffusion coefficient (Dn) and electron lifetime (τn) rather than the 

corresponding free electron values D0 and τ0 and the trapping term was omitted.  

The effect of traps present in the semiconductor can be introduced in the continuity 

equation by two different ways. On one hand, a continuity equation can be defined, 

which explicitly considers the influence of trap states on the change of free electron 

concentration
33,58

 

        

  
               

         

   
 
             

  
      

  

  
        

where Nt,0 is the trap density and f  is the probability of trap occupancy..  

On the other hand, some authors
23,29,59,

 define the continuity equation based on a total 

electron concentration dominated by trapped electrons.  The total electron density is the 

sum of electron densities in the conduction band (nc) and in localized states (nt) 

                                                                          

As already mentioned, the majority of electrons are localized in traps so n ≈ nt. Using 

the Boltzmann approximation, it is obtained that at zero temperature the total density of 

electrons corresponds to the integral of the distribution of traps between -∞ and the 

quasi-Fermi level 

                
    

  

  
   
  

    
   

  
                       

    

  

 

The total density can be related to the voltage (nEF-EF,redox) via  
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The continuity equation in terms of the total density is then written as  

       

  
      

 

  
     

       

  
                              

where n(x,t) is the total density of electrons in the film as a function of distance to the 

front contact (x) and time (t). The continuity equation is solved for a density dependent 

diffusion coefficient D(n) and a pseudo first order kinetic recombination constant kr(n), 

also function of the total density. The density dependence of the diffusion coefficient is 

obtained from Equation 2.48. The kinetic recombination constant, kr(n), related to the 

inverse of the electron lifetime, can be obtained from Equations 2.49 and 2.52 and is 

defined by 

           
       

                       

  
                    

where kr
0
 is the recombination constant at zero bias. Note that kr(n) includes the non-

linear dependence of the recombination rate on the free electron density. In this 

approximation both the trapping effects and the non-ideality are included in the model 

formulation. 
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3. Characterization methods of dye-sensitized solar cells 

3.1.  Standard solar spectrum and solar irradiation 

The efficiency of a solar cell is sensitive to variations of the intensity and the energy 

distribution of the incident light. Solar radiation reaching the Earth's surface varies 

significantly with location, atmospheric conditions, time of the day, Earth/Sun distance 

and solar rotation and activity. Since the solar spectrum depends on so many variables, 

it is necessary to define a standard spectrum and power density in order to allow for an 

accurate comparison among different solar devices. The Sun emits light resembling the 

spectrum of a blackbody at a temperature of 5670K (Figure 3.1).  

 

Figure 3.1 Spectra of a black body at 5670 K, extraterrestial sunlight and terrestrial sunlight (AM1.5).  

Ultraviolet light is filtered out by ozone. Water and CO2 absorb mainly in the infrared. 

The power density at the surface of the Sun is 62 MW m
-2

 and it is reduced to 1353  

W m
-2

 at the point just above the Earth’s atmosphere
1
. The latter value is the so-called 

solar constant, which describes the amount of incoming perpendicular solar radiation 

measured on the outer surface of Earth's atmosphere, when the Sun and Earth are spaced 

149,597,890 km (one astronomical unit, AU). Before reaching the ground, the radiation 

passes through the atmosphere, which modifies the solar spectrum, both intensity and 

energetic distribution (Figure 3.1). The irradiation that finally reaches the ground will 

depend on the length of the path the radiation must pass. This optical path is defined as 

Air Mass (AM), which takes into account the attenuation radiation suffers due to 
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atmospheric absorption and depends on the position of the Sun. The Air Mass is defined 

as 

    
 

       
                                                                        

where   is the angle of elevation of the Sun (Figure 3.2). When the Sun is directly 

overhead the Air Mass is 1 (AM 1) and the irradiance reaching the Earth's surface is 

maximum.   

 

Figure 3.2 Schematic representation of AM 1.5, AM 1.0 and angle of elevation of the Sun. 

The standard spectral distribution of the light used for efficiency measurements of 

solar cells is AM 1.5 G
2
, according to θ = 48.2º and an optical path 1.5 times longer 

than in the case of AM 1 light. This atmosphere thickness should attenuate the solar 

spectrum to a mean irradiance of around 900 W m
-2 1

.
 
However,

 
for convenience the 

standard spectrum is normalized so that the integrated irradiance of this spectrum per 

unit area and unit time is 1000 W m
-2

 (known as 1 sun illumination). This light intensity 

is used for standard testing conditions. The “G” in AM 1.5 G stands for global, as it can 

be differentiated between direct radiation and global radiation, which takes into account 

also the diffuse light. DSCs, thanks to their rough surfaces, are better suited for diffuse 

light than flat surfaces
3
. They are, also, less sensitive to movements of the Sun. In 

Figure 3.1 a comparison between the spectrum of a black body at 5670 K and the AM 

1.5 spectrum is shown. 

 

 



3. Characterization methods of DSCs 

 

56 

 

3.2.  Illumination sources 

In this section the different sources of illumination and ways of calibration used in the 

course of this thesis are summarized. One of the sources used to measure current-

voltage characteristics was a Thermo Oriel Xenon 450 W arc lamp coupled to a water 

filter to remove IR radiation and a 325 nm UV blocking filter. The xenon lamp 

spectrum differs from the solar spectrum mainly due to the intense line output in the 

800-1100 nm region. The objective of using filters was to adjust the lamp spectrum as 

much as possible to that of AM 1.5. For the same reason, an infrared filter KG5 (Schott) 

was added in some cases. In some experiments an ABET sun 2000 solar simulator was 

used as illumination source to measure current-voltage characteristics. The light source 

in this solar simulator is a xenon lamp as well, but it incorporates an AM 1.5 filter 

modifying the spectrum for a better match to the standard solar spectrum.   

The light intensity was calibrated to the standard value of 1 sun (100 mW cm
-2

) using 

a reference solar cell (Oriel, 91150). In general, a reference solar cell with a comparable 

sensitivity to the sample under test should be employed to adjust the output of the 

illumination source
4
. For this reason, in some cases the calibration is made with an IR 

filter (KG5 Schott).  The use of KG5 for calibration provides a closer match of the 

reference cell to the DSC spectral response
4
. The illumination source employed for each 

test and the calibration procedure will be specified in the corresponding Results 

sections. 

The illumination source for the frequency response techniques described below was 

provided by a 530 nm light emitting diode (LED). The light intensity of the LED was 

calibrated using a TiO2 dye solar cell with known photocurrent response. 

3.3.  Measurement of the incident photon-to-current efficiency 

For incident photon-to-current efficiency (IPCE) measurements the samples were 

illuminated with monochromatic light using a xenon arc lamp and a grating 

monochromator. The incident photon flux was measured with a calibrated photodiode. 

Two monochromators were used: TMc300 monochromator (Bentham) and 1/8 m 

monochromator (Oriel). The IPCE spectra were measured with a spectral resolution of 

10 nm.   



3. Characterization methods of DSCs 

 

57 
 

0 2 4 6 8 10 12 14 16
0.0

0.2

0.4

0.6

0.8

1.0

V
o
lt
a
g

e
/ 
V

t/ s
 

 

3.4.  “Short circuit voltage” measurements 

This method, first introduced by Boschloo et al.
5
, is used to estimate the electron 

quasi-Fermi level of electrons in the dye-sensitized semiconductor film when the cell is 

illuminated under short circuit conditions. In a first step, the cell is illuminated under 

short circuit (SC) conditions until a constant photocurrent is obtained. Then, the 

illumination is stopped and simultaneously the cell is switched to open circuit (OC) and 

the voltage is monitored. An example of this measurement is shown in Figure 3.3. 

 

 

 

 

 

 

 

Figure  3.3 Example of a short circuit voltage measurement. 

The maximum voltage, which is measured after switching to open circuit, is known as 

short circuit voltage (Vsc) and gives a good estimation of the average electron quasi-

Fermi level under short circuit conditions. In a plot of the short circuit voltage and the 

open circuit voltage versus light intensity a shift between both parameters can be 

observed, which is almost constant at all light intensities. Typically Vsc is 200-250 mV 

lower than Voc.  

3.5.  Open circuit voltage decay  

During open circuit voltage decay (OCVD) measurements, the cell is first illuminated 

under open circuit conditions to establish a steady-state photovoltage. Then, the 

illumination is turned off and the subsequent voltage decay is monitored. The voltage 

decay is a consequence of the recombination of electrons in the semiconductor film. As 

can be seen in Figure 3.4, the decay is very rapid at the beginning, and then it slows 

down considerably. This slow-down is due to a slower detrapping of electrons as the 

quasi-Fermi level falls
6
. 

Light on Light off  Light on 

SC OC SC 

Vsc 
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Figure 3.4 Open circuit voltage decay measurement. 

Zaban et al.
7
 demonstrated the validity of this method to measure the effective 

electron lifetime as a function of the open circuit voltage. The electron lifetime can be 

obtained from the inverse of the derivative of the voltage decay transient normalized by 

the thermal voltage
7
 (see Equations 2.6 and 2.18): 

  
      

    

 
  
    
  

                                                                 

The advantage of this method with respect to alternative methods based on small 

perturbations in the time or frequency domain is that the lifetime can be determined in a 

wide potential range with one single measurement, with as much resolution along the 

Fermi level axis as desired. 

For OCVD measurements, a light pulse of 2 seconds duration is used to generate a 

photovoltage and the subsequent decay is recorded on an oscilloscope via a SR 560 pre-

amplifier, which removes high frequency noise. 

3.6.  Frequency response analysis techniques 

Frequency-domain techniques are very useful tools for the characterization of DSCs. 

In these techniques, a sinusoidal modulation in light intensity or voltage is 

superimposed on a dc component and the phase and magnitude of the response relative 

to the input is measured. The modulation amplitude is small enough to ensure a linear 

response of the system
8,9

. The measurement comprises a wide range of frequencies 

(mHz to MHz), corresponding to timescales relevant for processes occurring within 

DSCs.  
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3.6.1.  Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful technique for the 

characterization of electrochemical systems. Regarding DSCs it is one of the most 

useful experimental techniques as it permits a simultaneous characterization of the 

different processes taking place in the cell
10,11

. In EIS measurements the potential 

applied to the solar cell is perturbed by a small amplitude sinusoidal modulation and the 

resulting sinusoidal current response is measured as a function of the modulation 

frequency
3
. 

The meaning of electrical impedance can be understood starting from the concept of 

resistance. The electrical resistance is the ability of a circuit element to resist the flow of 

electrical current. The well known Ohm's law defines resistance (R) in terms of the ratio 

between voltage (V) and current (I) 

   
 

 
                                                                           

This relationship is limited to only one circuit element, an ideal resistor. But usually 

the systems under study contain circuit elements that exhibit a much more complex 

behaviour. The simple concept of resistance needs to be replaced by a more general 

parameter: the impedance, which includes not only the relative amplitudes of the 

voltage and the current (Equation 3.2), but also the relative phases. Like resistance, 

impedance is a measure of the ability of a circuit to resist the flow of electrical current
12

.  

Electrochemical impedance is normally measured using a small excitation signal in 

order to obtain a linear response of the cell. The electrical current response is measured 

when a certain sinusoidal voltage is applied to the system.  This current response will be 

a sinusoid at the same frequency, but shifted in phase (Figure 3.5). 
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I time

V time

 

Figure 3.5 Sinusoidal current response in a linear system. 

The excitation signal can be written as 

                                                                        

where V(ω) is the ac potential applied to the system, V0  is the amplitude signal and ω is 

the angular frequency (ω = 2πf rad s
-1

). The current response will be shifted with 

respect to the applied potential 

                                                                      

where I(ω) is the ac electrical current response signal, I0 the amplitude and ϕ the phase 

shift. The phase factor contains the current lag with respect to the voltage. An 

expression analogous to Ohm´s Law allows for calculating the impedance of the system 

as 

     
    

    
  

         

           
                                           

Usually, it is convenient to use complex exponentials to express the impedance.  

Complex numbers allow for a simpler representation of the relative magnitude and 

phase of the input and output signal. Besides, it is a more powerful representation for 

circuit analysis purposes. Taking into account Euler’s relationship, 

                                                                      

it is possible to express the potential as 

         
                                                           

Phase shift 
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and the current response can be described as 

         
                                                             

Since Z(ω)  = V(ω)/ I(ω) the exponential exp (jωt) terms cancel out, so that 

  
  
  
          

                                                      

 The impedance is, therefore, expressed in terms of a magnitude Z0  (ratio of the voltage 

amplitude to the current amplitude) and a phase shift ϕ. Using Equation 3.6, it is 

possible to separate the real part and the imaginary part of the impedance 

   
                                                               

 

 

By varying the frequency of the applied signal, one can get the impedance of the 

system as a function of frequency. The recorded data can either be represented as 

magnitude and phase vs. frequency (Bode plot) or on a complex plane (Nyquist plot) 

(Figure 3.6). In a Nyquist plot the real part of the impedance (Z
´
) is plotted on the X-

axis and the imaginary part (Z
´´
) is plotted on the Y-axis. 

Figure 3.6 Nyquist plot and Bode plot. 

EIS data are commonly analyzed in terms of an equivalent circuit model. Most of the 

circuit elements in the model are common electrical elements such as resistors, 

real (Z) imaginary (Z) 
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capacitors and inductors. These elements can be combined in series and in parallel to 

give complex equivalent circuits. For example, the spectra shown in Figure 3.6 are the 

result of a resistance in series with a RC element (a resistance and a capacitance in 

parallel). A certain physical meaning must be then assigned to the different elements of 

the equivalent circuit. The main disadvantage of EIS is primarily associated with 

possible ambiguities in this assignment and in the interpretation of results
13

.  

The most common cell model for electrochemical systems is the Randles Circuit 

(Figure 3.7a). This circuit models a cell where polarization is due to a combination of 

kinetic and diffusion processes. It includes a series resistance (Rs), a double layer 

capacitor (Cdl), a charge transfer resistance (Rct) and a Warburg diffusion impedance 

(W). The Nyquist Plot for this circuit is shown in Figure 3.7b.  The double layer 

capacitance and the charge transfer resistance in parallel define the time constant (τ = 

RC) or relaxation time of the system
13

. The Nyquist plot for a RC combination is always 

a semicircle as the one indicated in Figure 3.7b. The series resistance is expressed by 

the real intercept at high frequencies of this semicircle. Finally, the Warburg diffusion 

impedance appears as a straight line with a slope of 45° (Figure 3.7b). 

 

Figure 3.7 (a) Randles circuit, (b) Nyquist plot of Randles circuit. 

In addition to being a useful model in its own right, the Randles circuit is the starting 

point for other more complex models. A dye-sensitized solar cell is a very complex 

system and its impedance response will be related to the response of the different 

components of the device. Generally, a transmission line model is used to describe the 

system, as shown in Figure 3.8.  

(a) (b) 
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Figure 3.8 Transmission line model for DSC. 

Different circuit elements are attributed to the different processes taking place in the 

cell. The processes occurring in the mesoporous oxide film are usually modeled by a 

diffusion-recombination transmission line. Its application to DSCs was first proposed by 

Bisquert
14

. This transmission line is composed of a network of resistive and capacitive 

elements, which describe the transport and interfacial transfer of electrons that take 

place in the oxide (Figure 3.8). The mesoporous oxide film has two main contributions 

in the impedance spectrum (Figure 3.9). One feature is the intermediate frequency arc, 

which accounts for the parallel connection of the charge transfer resistance Rct (Rct = 

rct/d, being d the thickness of the film) and the capacitance of the film Cμ (Cμ = cμ d). 

The other feature is a Warburg-like diffusion element, a 45º phase shift at high 

frequencies related to the electron transport resistance Rt (Rt = rt  d) in the mesoporous 

layer. The diffusion impedance of redox species in the electrolyte (Zd) is usually 

modeled using a finite-length Warburg element of the type used for thin layer 

electrochemical cells
6
. Generally, Zd in DSCs is small and it is difficult to identify it in 

the overall impedance solar cell response. However, it is clearly visible when 

electrolytes based on ionic liquids are used. In that case, a semicircle at low frequencies 

can be distinguished in the spectra. A cathodic impedance due to the platinised electrode 

is also present in the spectra and it is expressed as a parallel combination of the charge 

transfer resistance Rpt (characterizing electron transfer to and from the redox system) 

and a double layer capacitance, (Cpt). In the spectra, this feature is represented by a 

semicircle at high frequencies. RTCO and CTCO stand for the charge transfer resistance 

and the capacitance at the interface TCO/electrolyte. Finally, Rs accounts for the series 

resistance of the conducting glass plus any other element that might be considered to be 

in series with the rest of the circuit. The different features are represented in Figure 3.9, 
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where an example of a typical electrochemical impedance spectrum of a dye solar cell is 

shown. 

 

Figure 3.9 (a) Nyquist impedance spectrum of a typical DSC. (b) Blow up of high frequency region 

showing the semicircle from cathode and 45
o
 transport impedance (transmission line). 

It must be pointed out that in many cases the contribution of the different components 

is not seen as clearly as in the example in Figure 3.9. This depends, for example, on the 

voltage at which the measurement is done or on the semiconductor used, as will be seen 

in the following Chapters.  

The electrochemical impedance spectra were fitted using the Zview software 

(Scribner) by means of one of the two equivalent circuits shown in Figure 3.10,  

 

   

Figure 3.10 Equivalent circuit model used to fit impedance spectra. 

where DX1 is the distributed element accounting for the diffusion-recombination 

transmission line. In model (b) a constant phase element (CPE) is used instead of a 

Rs Zd Rpt

Cpt

DX1

Element Freedom Value Error Error %

Rs Free(+) 114.8 N/A N/A

Zd-R Free(+) 749.8 N/A N/A

Zd-T Free(+) 3.361 N/A N/A

Zd-P Fixed(X) 0.5 N/A N/A

Rpt Free(+) 4.604 N/A N/A

Cpt Free(+) 1.4461E-05 N/A N/A

DX1 Fixed(X) 0: None

Data File:

Circuit Model File: F:\LAB\BATH\RESUMEN\ComparacionOldnewMod

el\NP3_350mV_new.mdl

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Rpt

CPEpt

DX1 Zd

Element Freedom Value Error Error %

Rs Free(+) 11.15 N/A N/A

Rpt Free(+) 8.493 N/A N/A

CPEpt-T Free(+) 0.0001303 N/A N/A

CPEpt-P Free(+) 0.77457 N/A N/A

DX1 Fixed(X) 11:Bisquert #2

DX1-R Free(+) 3.623 N/A N/A

DX1-T Fixed(X) 0 N/A N/A

DX1-P Fixed(X) 0 N/A N/A

DX1-U Fixed(X) 0 N/A N/A

DX1-A Fixed(X) 0 N/A N/A

DX1-B Fixed(X) 0 N/A N/A

DX1-C Free(+) 30.53 N/A N/A

DX1-D Free(+) 0.00014335 N/A N/A

DX1-E Free(+) 0.97272 N/A N/A

DX1-F Fixed(X) 1 N/A N/A

Zd-R Free(+) 3.27 N/A N/A

Zd-T Free(+) 1.328 N/A N/A

Zd-P Free(+) 0.55072 N/A N/A

Data File:

Circuit Model File: H:\LAB\ELENA\2010\marzo\230310\EIS_p_t_2

30310\ajustes\pmimI_TCNB_230310_500mV_CO

N.mdl

Mode: Run Fitting / Selected Points (0 - 100)

Maximum Iterations: 400

Optimization Iterations: 100

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

(a) (b) 

(a) 

(b) 

High                   
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Intermediate                   
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capacitor for the counter electrode. The other parameters were described above. The 

processes occurring at the TCO/electrolyte interface have been neglected in the fitting. 

A comparison between fitting to circuit (a) and (b) can be found in the Appendix 11.1.  

Apart from the parameters directly extracted from the impedance fitting, as for 

example the charge transfer resistance (Rct), we can obtain some basic electron transport 

and recombination parameters
6
 via the following relations: 

 The time constant of the intermediate frequency semicircle can be used to 

determine the effective electron lifetime defined in Chapter 2
15

  

  
                

                                                         

 The small amplitude diffusion length can be defined from the transport and 

transfer resistances and taking into account the thickness of the films (d) 

  
 
  

   
  
                                                                 

In this work, the measurements were carried out in three different ways:  

 In the dark varying the applied dc voltage 

 At open circuit under illumination 

 Under illumination (fixed at 1 sun) varying the applied dc voltage  

Electrochemical impedance spectroscopy measurements were performed using a 10 

mV perturbation in the 10
-2

-10
5
 Hz range. 

3.6.2. Intensity-modulated spectroscopy 

Frequency-domain techniques known as intensity modulated spectroscopy comprise 

intensity modulated photocurrent spectroscopy (IMPS) and intensity modulated 

photovoltage spectroscopy (IMVS). These techniques involve small amplitude 

modulation of the photon flux incident on the cell
16

. In the IMVS measurement, the 

sample is illuminated at open circuit and in the IMPS, at short circuit. Superimposed on 

a steady-state illumination level, a small sinusoidal modulation of the illumination 

intensity is applied. The magnitude of the photovoltage or photocurrent response to the 
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modulation as well as the phase-shift of this response with respect to the modulated 

illumination is recorded. As already mentioned, the ac modulation must be sufficiently 

small so that a linear response of the system is obtained.  

For both techniques, the simplest analysis of the results involves the determination of 

a time constant for the photocurrent or photovoltage response. IMVS is typically used to 

characterize the recombination process in DSCs, and the time constant for this process 

is the effective electron lifetime described in Chapter 2
8
. The IMVS response in the 

frequency domain is a semicircle in the lower complex plane (Figure 3.11). The 

effective electron lifetime can be obtained from the experimental spectra, taking into 

account that the minimum of the semicircle is located at an angular frequency that is 

equal to 
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Figure 3.11 IMVS response in the complex plane. 

The time constant for the photocurrent response depends on both electron transport 

and electron recombination
17

. Under short circuit conditions, the electron lifetime is 

assumed to be much larger than the electron transport time, so the measured 

photocurrent response is nearly equal to the transport time
3
.  
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Figure 3.12 IMPS response. 

The time constant τIMPS obtained from the inverse of the minimum angular frequency 

(ωmin) in an IMPS plot (Figure 3.12), can be related to the effective diffusion 

coefficient, Dn by
18,19

 

       
  

   
                                                                

 

where γ is a numerical factor, which depends on layer thickness (d), absorption 

coefficient (αabs) and illumination direction
20-23

.  

At low frequencies, the IMPS plots converge to a point on the real axis that 

corresponds to the steady-state photocurrent. At high frequencies, the modulating 

frequency is faster than the relaxation of the charge carrier density by transport to the 

contacts and the modulated photocurrent tends to zero. An additional phase shift is 

observed at high frequencies, due to the attenuation of the IMPS response by the series 

resistance and capacitance of the anode
24

. 

For IMVS and IMPS measurements, the dc level and the modulation of the light 

intensity were provided by a light emitting diode. The background illumination intensity 

is set using a dial on the LED driver and the modulation depth and frequency are 

controlled by a Solartron 1260 Frequency Response Analyser (FRA), which also 

records the cell response. For IMVS measurements a high impedance buffer amplifier 

between the sample and the FRA is used and for IMPS a current amplifier. The FRA is 

controlled using the Zplot program (Zview software package, Scribner Associated) and 
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the data analysis is carried out using the Zview program. The measurements were 

carried out with a 530 nm LED over a wide range of dc light intensities. The amplitude 

of the sinusoidal modulation was 10% of the dc illumination. 
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4. Fabrication of dye-sensitized solar cells 

In this Chapter, the materials and the fabrication method employed for the fabrication 

of ZnO dye-sensitized solar cells are described. Deviation from the standard procedure 

described here will be detailed in the corresponding Results Chapter.  

4.1.  Substrates 

Fluorine-doped tin oxide (SnO2:F) conducting glass has been used as substrate. The 

choice of FTO glass substrates is a compromise between optical transmittance and sheet 

resistance: the higher the conductance the lower the transmittance and vice versa. For 

this reason, TEC15 substrate (Pilkington, resistance 15 Ω/square, 82-84.5% visible 

transmittance) has been used for semiconductor film deposition and TEC8 substrate 

(Pilkington, resistance 8 Ω/square, 80-81.5% visible transmittance) for the counter 

electrode. By this way, light absorption by dye molecules and fast charge transfer at the 

counter electrode are favoured. 

The substrate cleaning is believed to be a key process that influences the final 

performance of the devices. A significant effect on the photovoltage behaviour can be 

observed experimentally depending on the extent of cleaning
1
. For this reason, FTO 

substrates have been thoroughly cleaned before film deposition. The glass cleaning 

protocol was the following:  

 Sonication in 5% Deconex solution for 15 minutes and subsequent rinsing in 

MilliQ water. This process is repeated two times 

 Sonication in MilliQ water for 15 minutes and subsequent rinsing with Milli Q 

water 

 Sonication in isopropanol for 15 minutes 

 Sonication in ethanol for 15 minutes 

 

4.2.  Deposition of ZnO films 

Colloidal suspensions of 30 wt% were prepared by mixing commercial ZnO 

nanopowders with water and ethanol (30:70) and stirred for 12 hours. Along this thesis, 

two different suspensions were used: one based on pure Evonik ZnO nanopowder (VP 
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AdNano®ZnO20) and the other based on a 1:1 mixture of Evonik ZnO with PIKEM 

ZnO nanopowder. The oxide powder used for the preparation of the respective cells will 

be specified in the corresponding Results Chapter.  

The approximate nanoparticle size is 20 nm for the Evonik sample (Figure 4.1) and 

50 nm for the PI-KEM sample. The surface area of these powders as determined by 

nitrogen physisorption at 77 K (Micromeritics, model ASAP2010) after thermal 

activation at 150 ºC is 20 m
2
/g and 12 m

2
/g, for Evonik and PIKEM nanopowders, 

respectively. 

 

 

 

 

 

 

 

 

 

Figure 4.1 TEM micrograph (a) and XRD pattern (b) of the Evonik ZnO nanopowder. The particle size 

was calculated from the width of the (102) peak using the Scherrer equation. A particle size of ~ 20 nm 

for Evonik  nanopowder is confirmed. 

For thin film preparation the suspensions were spread onto the FTO substrate with a 

glass rod using Scotch tape as spacer (Doctor Blade deposition). The resulting films 

were then heated at 420 ºC for 30 minutes. In Figure 4.2 SEM images of a film 

prepared from a colloidal mixture of Evonik and PIKEM nanopowders are shown.  The 

films are composed of a random mixture of large (100 to 200 nm) and small (20–50 nm) 

particles. Similar size dispersion was found also in films prepared from pure Evonik 

nanopowder suspensions, but better cell performance was obtained when the 

nanopowder mixture was used. The active surface areas of the cells were 0.64 or 1 cm
2
. 

The thickness of the films was estimated by SEM analysis and optical profilometry 

(a) (b) 
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measurements (Appendix 11.2). The thickness of the films ranged between 8 and 10 

μm after sintering.  

 

Figure 4.2 SEM images (top view (a) and side view (b)) of a thin film prepared from a mixture of 

PIKEM and Evonik ZnO nanopowders. 

In some of the experiments, a thin continuous ZnO layer was deposited on the FTO 

substrates before spreading the colloidal ZnO nanoparticle suspension. This compact 

layer acts as a blocking layer
2
 and was deposited from a zinc acetate solution (0.1 M Zn 

[C2H3O2]· 2H2O, 0.2 M C2H4O6 in 25:75 (v/v) water/etanol mixture) by spraying. 

During deposition the substrate was hold at ∼ 350 °C. The spraying process was cycled 

at 2 seconds with spray and 8 seconds without spray and the number of cycles was 15
3
. 

Nanowire array samples were prepared by Dr. Ramón Tena and Eneko Azaceta 

(Department of New Materials, CIDETEC, San Sebastián). The nanowires were 

electrodeposited by the reduction of dissolved molecular oxygen in zinc chloride 

solutions
4-6

. The electrolyte was a 5·10
-4

 M ZnCl2 (>98.0 %), 2 M KCl (>99.5 %) 

ultrapure aqueous solution, saturated by bubbling oxygen. Two different nanowire 

lengths (2.5 and 5 μm) were prepared by varying the charge density (10 and 20 C cm
-2

). 

Before sensitization, the nanowire samples were immersed in acetone (15 minutes) and 

then in isopropanol (15 minutes) and subsequently annealed to 450 ºC for 30 minutes. 

4.3.  Electrode sensitization 

Organic and ruthenium-complex dyes were used for electrode sensitization in the 

course of this thesis. Before immersion in the dye solution, films were warmed up to 

(a) (b) 
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80 ºC to minimize the water vapour content inside the pores of the semiconductor 

electrode
7
. The sensitization was always performed at room temperature. The 

concentration and solvent employed for the dye solution depended on the sensitizer.  

Dipping time did not exceed 2 hours in the majority of the cases, unless a dye 

sensitization study was performed. After sensitization, the films were rinsed in the same 

solvent as employed in the dye solution.  Dye solutions are systematically kept in the 

dark trying to avoid evaporation of the solvents. It was observed that a careful control of 

dye concentration and dipping time is crucial for the performance and reproducibility of 

the ZnO-based dye-sensitized solar cells.  

4.4.  Electrolyte solutions 

Two types of electrolytes were employed in the course of this thesis: electrolytes 

based on organic solvents and solvent free electrolytes. In the first case, the redox 

couple is dissolved in an organic solvent as, for example, acetonitrile or 

methoxypropionitrile. Solvent free electrolytes are based on a room temperature ionic 

liquid (RTIL), which acts as a highly viscous solvent and at the same time as the source 

of iodide. In both cases, the redox couple consists of iodine I
-
 and triiodide I3

-
. 

4.5.  Platinized counter electrodes 

Deposition of platinum films on FTO substrates was performed by two different ways: 

 Spreading a drop of hexachloroplatinic acid (0.01 M in isopropanol) over the 

FTO substrate and subsequent annealing at 380 ºC for 10 minutes  

 Spreading 15 μl of Platisol (Solaronix) over the FTO substrate and 

subsequent annealing at 400 ºC for 5 min 

Platisol is an alcohol-based paint containing a chemical platinum precursor 

(Solaronix). To prepare sealed cells, two holes positioned on opposite corners of the cell 

are drilled through the FTO substrate before platinum deposition.  

4.6.  Assembly of dye-sensitized solar sells 

Open cells
8
 were fabricated by pressing together the electrode and counter electrode 

using paper binders (Figure 4.3a). The electrolyte is introduced in the resulting stack by 

capillary effect. To prepare sealed cells (Figure 4.3b), the two electrodes are sealed 
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together with a hot-melt polymer film frame around the zinc oxide area. Electrolyte was 

introduced via the holes drilled through the counter electrode by vacuum filling.  The 

holes were finally sealed using microscope glass slides and a hot-melt polymer. Two 

different polymers have been used: Surlyn® (60μm) and SX1170-25, Solaronix (25 

μm). Silver paint was applied on the exposed areas of FTO substrates on each electrode 

after cell assembly to extend the contact area of the current collector.  

            

Figure 4.3 Open cell (a) and sealed cells (b). 
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5. Zinc oxide sensitized with xanthene dyes  

In this Chapter a comparative study of the photovoltaic performance of nanostructured 

ZnO electrodes sensitized with xanthene dyes and the more common ruthenium dye 

N719 is described.  

As mentioned in Chapter 1, ruthenium-complex dyes are the most frequently 

employed sensitizers for DSCs. They have some essential characteristics of a good 

sensitizer for this kind of devices, such as an adequate anchoring group to the 

semiconductor, an efficient metal-to-ligand charge transfer (MLCT) and a wide 

absorption spectrum, which ranges from the visible to the near-IR (especially for the 

one known as “black dye”). However, ruthenium-based dyes also present some 

limitations for their use in DSCs. They do not meet the mass production requirements 

needed for industrial applications. Apart from being based on a precious metal, the 

fabrication of metal complexes requires careful synthesis and tricky purification steps
1
. 

This aspect has been very controversial, as the key factors of this new technology are 

the low cost and high availability of materials and the simple fabrication procedures. 

Besides, molar extinction coefficients of ruthenium-complex dyes are moderate. This 

limitation, as will be seen in the following Chapters, can be a key factor for cell 

configurations different from the standard, as for example cells based on ionic liquid 

electrolytes or composed of one-dimensional nanostructured electrodes.  

 When working with ZnO as semiconductor, ruthenium-based dyes have an additional 

disadvantage: the instability of this semiconductor when sensitized with acidic dyes. 

The low performance of ZnO cells has been ascribed to poor sensitization with the most 

common ruthenium-based dyes
2-7

. In a work published in 2000, Keis et al.
7
 performed a 

study of the sensitization procedure of ZnO with ruthenium-complex dyes. They found 

that the dye solutions lead to a partial dissolution of the oxide and to the formation of 

dye-ZnO aggregates. Several approaches have been made to overcome these 

sensitization problems. In a later work Keis et al.
4
 obtained 5% of efficiency

i
 adding 

KOH to the acidic dye-loading solutions and shortening the loading time. Other 

authors
8,9

 claimed that an improvement of dye-loading can be achieved by changing the 

microstructure of the ZnO films thus avoiding complex formation without the need of 

                                                             
i    The irradiance was 10 mWcm

-2
 and the active surface area of the cell was 0.5 cm

2
.  
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basic dye solutions. Up to now the best performing ZnO-based solar cell has been 

obtained with the N719 dye
9
. Nevertheless, it is generally accepted that ruthenium-

complexes are not appropriate dyes for ZnO.  

The development of new types of photosensitizers for their use in ZnO DSCs is a 

subject that has been widely investigated. In the same year as Keis et al.
7 

 highlighted 

the problems of the interaction between ZnO and ruthenium dyes, Hara et al.
10

 reported 

on a highly efficient photon-to-electron conversion of ZnO solar cells sensitized with an 

organic dye. Organic dyes as alternative to ruthenium-complex sensitizers exhibit many 

advantages, including low cost and environmental-friendly properties. Besides, they can 

be prepared rather inexpensively by following established design strategies. In contrast 

to ruthenium-complexes, different light absorbing groups can be incorporated into the 

organic framework to tune the absorption over a broad spectral range
1
. Finally, the 

molar extinction coefficients of organic dyes are usually higher than those of Ru-

complexes
11

.  

It has been reported that ZnO performs particularly well when sensitized with organic 

dyes. Some organic dyes do not precipitate in the presence of Zn
2+

 ions and can, 

therefore, be used more easily in combination with ZnO
12

. However, after ten years of 

research, an appropriate dye for ZnO, which can lead to efficiencies comparable to that 

of TiO2, has not been described yet.  Looking for an appropriate dye for ZnO has been 

one of the aims of this thesis and results of the sensitization of the ZnO films used in 

this work with several dyes can be found in the Appendix 11.3. In this Chapter, a study 

of xanthene derivative organic dyes will be described, making a comparison of their 

performance with the most frequently used ruthenium dye N719. The objective of this 

work is to study the suitability of alternative dyes as sensitizers for ZnO, as well as to 

weigh up the advantages and disadvantages of organic dyes with respect to ruthenium-

based dyes. The results presented in this Chapter served as benchmark for the work 

presented in subsequent Chapters, where a fully organic dye of high efficiency (D149) 

is used to sensitize ZnO electrodes. 

5.1.  Xanthene dyes 

Xanthene is a yellow, heterocyclic compound (Figure 5.1), which is the fundamental 

structure of several chromopohores. Derivatives of xanthene are commonly referred to 

collectively as xanthenes and include fluoresceins, eosins and rhodamines. Xanthenes 
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are very cheap dyes. They are frequently used as chromophores in biology and laser 

physics.  

 

Figure 5.1 Molecular structure of xanthene. 

Early work
13-15

 in dye sensitization of wide band gap semiconductors was based on 

this type of dyes. Sensitizers as for example Eosin Y
16-19

, Mercurochrome
10,20

  or Rose 

Bengal
21

 have been successfully employed. In this work, several xanthenes have been 

tested as sensitizers for ZnO: Eosin Y (salt and acid form), Eosin Blue, Mercurochrome, 

Rose Bengal and Rhodamine. The best performances were obtained for Mercurochrome 

and Eosin Y in the acid form (Eosin Y from now on). Therefore, these two dyes were 

chosen for the comparative study with the ruthenium dye N719.  A comparison between 

three different Eosins can also be found in the Appendix 11.3.1.  

There are several reports on the sensitization of ZnO with Eosin Y for application in 

DSCs. In Table 5.1 best results for ZnO dye-sensitized solar cells sensitized with this 

dye are summarized.  

Table 5.1 Summary of the performance data of DSCs based on ZnO sensitized with Eosin Y. 

ZnO film Cell area 

(cm
2
) 

Ref. Jsc 

(mA cm
-2

) 

Voc 

(V) 

FF Efficiency 

(%) 

Nanoparticles  1 
 

[22] 3.63 0.539 0.57 1.11 % 

Nanoparticles 1  [17] ~7 ~0.6 - 2.40 % 

Nanoparticles  0.25 
 

[23] 3.66 0.65 0.7 1.69 % 

Micro-

nanotextured 

ZnO  films 

 

0.25 
 

[24] 6.12 0.549 0.59 2.00 % 

ZnO/Eosin Y  

Hybrid films 
- [25] 6.1 0.59 0.63 2.30 % 

 

Eosin Y has also proved to be a suitable dye for electrodeposition of ZnO in the 

presence of dye
16,23,25,26

. This combined approach represents a new synthetic route for 
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photoelectrode materials and involves the cathodic electrodeposition of ZnO/dye hybrid 

films from aqueous mixed solution of Zn salts and dye molecules. Using this method 

high surface area mesoporous ZnO films with high cristallinity are successfully 

obtained. The performance of these photoelectrodes in DSC applications was found to 

improve when Eosin molecules were desorbed after film deposition and the electrodes, 

afterwards, sensitized again
25,26

.  

The benchmark study on Mercurochrome as sensitizer for DSCs is the work by Hara 

et al.
10

. They studied several nanoporous semiconductor oxides and found that 

Mercurochrome performs especially well with ZnO. An efficiency of 2.5% was 

obtained for DSCs based on Mercurochrome-sensitized ZnO cells. Despite being a very 

promising dye there are only a few works on ZnO-sensitization with 

Mercurochrome
10,27-29

.  

Figure 5.2 shows the approximate energy levels as well as the chemical structures of 

the three dyes, which were compared in the present study.  

 

Figure 5.2 Approximate energy diagram and molecular structures of the dyes compared in this work.  

Their molecular structures contain adequate anchoring groups to be adsorbed onto the 

oxide surface, specifically carboxylate groups. Besides, the HOMO and LUMO levels 

of the dyes are adequate for electron injection to ZnO and for regeneration by the redox 
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couple. The oxidation potential for mercurochrome is more negative than those for 

N719 and Eosin Y
10

. 

5.2.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 5.2 and the 

parameters of the illumination source used for photovoltaic characterization in Table 

5.3. 

Table 5.2 Summary of the materials employed in the fabrication of the cells. 

ZnO Dyes Electrolyte Counter Electrode 

Evonik VP 

AdNano®ZnO20 

Cell area: 

1 cm
2 

Mercurochrome 

0.5 mM dye in 

ethanol 

0.5 M TBAI, 0.05 M 

I2, 0.5 M  

4-tert-butylpyridine 

(TBP) in Propylene 

Carbonate 

Hexachloroplatinic 

acid  

(0.01 M in 

isopropanol) 

N719  

0.5 mM dye in 

ethanol 

Eosin Y 

32 mM dye  in 

ethanol 

0.5 M TBAI, 0.05 M 

I2, 0.5 M TBP in 

Propylene Carbonate  
 

      Table 5.3 Illumination set-up used for DSC testing. 

Illumination 

source 

Filters Calibration 

Xenon 450W arc 

lamp 

Water filter and  

325 nm UV 

blocking filter 

Reference solar cell 

(Oriel, 91150) 

100 mW cm
-2 

 

The ZnO films were deposited in a rectangular arrangement with an active area of 1 

cm
2
. The tests were performed in open cells except for the stability tests. In that case, 

the cells were sealed with Surlyn film (60 m) heated to 180ºC after sensitization. Short 

circuit currents, open circuit voltages and current-voltage curves were obtained by 

applying an input voltage to the cell from zero to open circuit voltage through a Direct 

Current Accuracy Operational Amplifier. Incident photon-to-current efficiencies (IPCE) 

were measured by means of a 1/8 m monochromator (Oriel). The light intensity was 

determined as a function of wavelength using a calibrated silicon photodiode 

(Thorlabs). Laser Beam Induced Current (LBIC) measurements were carried out by the 

group of Dr. Joaquín Martín Calleja in the Department of Physical Chemistry of the 

University of Cadiz. The LBIC system is based on an optomechanical device to obtain a 
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very small laser spot and minimal geometric distortions in conjunction with a set of 

mathematical algorithms based on internal properties of the samples to perform 

automatic focalization
30

. In this work, measurements with micrometric resolution were 

carried out using this versatile computer controlled high-resolution LBIC system. Two 

different wavelengths were used: 532 nm and 632.8 nm. The LBIC experiments were 

performed on sealed cells and the scanned area was 300  300 m. The laser was 

focused on a surface area of 2 · 10
-12

 m
2
. 

5.3.  Dye sensitization of the semiconductor films 

Dye concentration and immersion time in the dye solution greatly influence the dye 

adsorption and the resultant overall light conversion efficiency of ZnO films
3,31

. 

Moreover, the sensitization depends to a great extent on the characteristics of the 

photoelectrodes. Therefore, when working with ZnO a careful control of the dye 

adsorption conditions is crucial.  For this reason, first of all, an optimization of the dye 

loading has been carried out for the ZnO-based DSCs. In Figure 5.3, the photocurrent 

response versus the immersion time in dye solution is plotted for Mercurochrome, N719 

and Eosin Y in acid form and Eosin B. 

 

 

 

 

 

 

 

 

Figure 5.3 Short-circuit photocurrent as a function of sensitization time for the dyes studied in this work. 

Irradiance: 100 mW cm
-2

.  

 During the process of sensitization with N719 dye, the photocurrent increases at short 

immersion times, reaches a plateau and after a critical time, it decreases. 

Mercurochrome dye is rapidly adsorbed and upon longer immersion a systematic decay 
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of the current is observed. On the contrary, Eosin Y produces currents that do not 

depend much on immersion time. Results for Eosin B are also plotted to show that this 

behaviour is shared for other Eosin dyes. Based on these results, the immersion time 

was set to 1 hour for the N719 dye, 80 minutes for the Eosin dyes and 40 minutes for 

Mercurochrome.  

The immersion time also affects the shape of the IV curve (see Figure 5.4). It is 

observed that the fill factor in the N719 cells decreases with sensitization time whereas 

it remains unaffected when the organic dyes are used. In the case of Mercurochrome- 

sensitized cells, longer immersion times reduce only the short circuit current but the fill 

factor and open circuit voltage are not altered. When using Eosin Y the current-voltage 

curve is virtually independent of the immersion time used to sensitize the films. The 

same behaviour was found for all forms of Eosin.  

 

 

 

 

 

 

 

 

 

Figure 5.4 Current-voltage characteristics of ZnO DSCs prepared with different dyes for two immersion 

times in the dye solution. 

Keis et al.
3,4,7

 studied in detail the sensitization process of ZnO with the more common 

ruthenium dyes N719 and N3. They found that the IPCE values decreased when 

electrodes were left in the dye-bath for long times. Protons derived from the ruthenium-

complexes make the dye solution relatively acidic (Figure 5.5 (1)). The pH for the dye-

sensitization process (pH~5) is much lower than the point of zero charge of ZnO (~9). It 

has been demonstrated that titration with acid leads to the dissolution of the ZnO colloid 

already below pH 7.4
32

. The low local pH at the surface of ZnO during dye sensitization 
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provokes the dissolution of Zn
2+

 ions from the ZnO surface (Figure 5.5 (2)). These Zn
2+

 

ions form complexes with the dye (Figure 5.5 (3)), which accumulate in the pores of 

the semiconductor film. It is assumed that only dye molecules directly attached to the 

ZnO surface can inject efficiently electrons and contribute to the photocurrent
33

. 

Therefore, Zn
2+

/dye complexes, in spite of absorbing light, do not inject electrons.  

 

 

 

 

 

 

Figure 5.5 A schematic drawing of the problems associated with the dye-sensitization process of ZnO 

with dyes containing protonated anchoring groups.  

The different point of zero charge of TiO2 (similar to the pH of the dye solution) and 

its higher chemical stability explain the different behaviour found for this oxide with 

ruthenium dyes
31

.  

The plateau in the photocurrent observed for N719 at intermediate sensitization times 

can be due to the competition between complete coverage and aggregation. The dye 

must diffuse through the semiconductor film to achieve full sensitization by forming a 

complete monolayer. This is a common feature of all dyes. However, in the case of 

N719, whereas some parts of the film are on the way to increase efficiency (dye 

monolayer adsorption), other parts can be in the phase of decreasing efficiency 

(formation of complexes)
3,11

. The lower fill factor found for long sensitization times can 

be a consequence of both the deterioration of the semiconducting film and the presence 

of aggregates in the pores.  

Wu et al.
20

 found that Mercurochrome could provide ZnO DSCs with a fill factor 

significantly larger than that obtained with the ruthenium N3 dye. In contrast to N719, 

when Mercurochrome is used as the dye, the fill factor is insensitive to immersion time 

(Figure 5.4). The pH of the ethanolic solution of Mercurochrome is 7.65, consequently 

the degradation of ZnO in the course of sensitization is expected to be lower than in the 
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case of N719. However, the decrease of the photocurrent at prolonged immersion times 

suggests that deterioration of ZnO takes place to some extent also during sensitization 

with Mercurochrome. The formation of aggregates in ZnO films sensitized with 

Mercurochrome was reported by Hara et al
10

.  

The pH of the Eosin Y solution is ~ 6. Neither the photocurrent (Figure 5.3), nor the 

fill factor (Figure 5.4) is found to change significantly with immersion time.  

It must be kept in mind that both Eosin and Mercurochrome dyes have a carboxylic 

group in their molecular structures. Although a direct relation between acidity and 

number of carboxylic groups cannot be established, the fact that the xanthene dyes  have 

only one carboxylic group (Figure 5.2) may explain their lower reactivity with ZnO. 

Nguyen et al.
34

 designed a ruthenium-complex with only one carboxylated bipyridyl 

ligand and found much reduced dye precipitation onto the ZnO electrode compared to 

the ruthenium-complex dye N3 (with two carboxylic groups in its molecular structure). 

They obtained a solar cell efficiency of 4.0% and no aggregation was observed after 24 

hours of immersion in the dye solution. Therefore, it may be expected that the 

carboxylic acid group will cause some dissolution of ZnO in the dye bath containing 

Eosin Y and Mercurochrome, but it seems that the deposition of ineffective dye/oxide 

aggregates on the ZnO electrode is not as critical as for N719.  

5.4.  UV-vis absorption and IPCE spectra 

In Figure 5.6 the absorption spectra of the three dyes in ethanol are shown. Organic 

dyes exhibit rather sharp absorption peaks compared to the ruthenium dye. They absorb 

mainly in the range between 450-550 nm, with the maximum absorption peak at ~ 517 

nm for Mercurochrome and at ~ 530 nm for Eosin Y, matching up with the maximum of 

the solar spectrum. N719 shows a much broader absorption with a maximum lying 

between the one of Mercurochrome and of Eosin. In both xanthene dyes a shoulder at 

wavelengths below the absorption maximum is observed. This shoulder is commonly 

seen in xanthene dyes and is attributed to the absorption of a dimer
10,15,35

. 
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Figure 5.6. IPCE (solid lines) and absorbance spectra (dashed lines) in ethanolic solution for 

Mercurochrome, Eosin Y and N719. The values of the photocurrent is obtained from the convolution of 

the IPCE curve integrated between 450 and 700 nm, with the AM 1.5 photon flux at 100 mW cm
-2

. In 

parenthesis, the result of cell illumination with white light (using a 400 nm blocking filter)
 
is indicated.  

The incident photon-to-current efficiency (IPCE) spectra of ZnO electrodes sensitized 

with the three dyes are also represented as a function of wavelength in Figure 5.6. The 

IPCE spectra of the organic dyes adsorbed on the ZnO electrodes are broader than the 

absorption curves of the dyes in solution. For Mercurochrome and Eosin Y, the 

absorption intensity of the shoulder at lower wavelengths increases compared to that in 

ethanol, indicating that dimers of dye molecules are formed on the ZnO surface
10

. 

Aggregation of dye molecules can lead to a broadening and an enhancement of 

absorption at shorter wavelengths when compared to the monomers
35

. Sayama et al.
36

 

found for TiO2 cells sensitized with Eosin Y that both, dimers and monomers, are 

adsorbed on the surface. They also claimed that dimers were more efficient than 

monomers for photocurrent generation. 

For both organic dyes the onset of the IPCE spectrum is red-shifted as compared to 

the absorption onset of the dyes in solution. As a consequence, most of the visible range 

is covered. Hara et al.
10

 attributed the broadening of the IPCE spectrum of 

Mercurochrome to the interaction of ZnO with the dye molecules, which results in the 

appearance of additional energy levels in the electronic spectrum of the dye. This 

“doubling” of the original HOMO and LUMO levels allows for a broadening of the 
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optical absorption spectrum and the IPCE spectrum of the adsorbed dye as compared to 

the absorption spectrum of the isolated dye. Additionally, as will be described in 

Chapter 8, internal scattering might also contribute to the broadening of the spectrum 

of the adsorbed dye and the IPCE. Theoretical calculations by Labat et al.
37

 also pointed 

to a significant modification of the absorption properties of the Eosin Y dye by the 

interaction with the semiconductor surface. It is worth mentioning that the shape of the 

absorption and IPCE spectra for N719 are very similar, which indicates that the 

transition energy for electron transfer from the Ru-center to the bpy-ligands is relatively 

insensitive to the establishment of a linkage between the carboxyl group and the ZnO 

surface.   

A mismatch between the spectrum of the illumination source (Xenon lamp + water 

filter + UV filter) used for cell characterization and AM 1.5 light has to be taken into 

account. For this reason, the IPCE spectra were convoluted with the AM 1.5 standard 

photon flux normalized to 100 mW cm
-2

 and then integrated between 450 and 700 nm to 

test the accuracy of the illumination set-up. The result for the photocurrent is then 

compared with the value obtained under white light illumination with a 400 nm 

blocking filter (Figure 5.6). In general, the calculated value is higher than the one 

observed experimentally, although the results are within the statistical uncertainty found 

in the fabrication of the cells.  Note also that the photoconversion in the interval 400-

450 nm is not considered and this introduces some error that can be important for N719. 

In any case, these results are in agreement with the observation that the cells perform 

better under real solar illumination, resulting in short circuit current densities around 10-

25% higher than obtained with the combination of Xe lamp and filters used here for cell 

characterization. 

5.5.  Photovoltaic performance 

A number of cells using the different dyes were fabricated and characterized. In Table 

5.4 the photovoltaic parameters for the best performing cells are summarized for each 

dye.  
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            Table 5.4 Best results for overall efficiencies of 1 cm
2

  ZnO-based DSCs. 

ZnO film Jsc 

(mA cm
-2

) 

Voc 

(V) 

FF Efficiency 

(%) 

N719 6.0 0.701 0.42 1.8 

Eosin Y 4.5 0.551 0.47 1.2 

Mercurochrome 3.1 0.626 0.56 1.1 

 

Reproducibility was not optimal, both for photocurrent and photovoltage. However, it 

must be noted that working with a relatively large cell area (1 cm
2
) makes achieving 

good reproducibility more cumbersome. As shown below in the LBIC experiments 

(described in Section 5.7), there is at least 10-15% variability in the local photocurrent 

at different points of the film. This variability becomes important when working with 

large cells. On the other hand, the critical sensitization process makes the 

reproducibility difficult. Little changes of the dye concentration or the residence time of 

the nanostructured film in the dye solution have large effects on the 

photoelectrochemical output of sensitized ZnO
31,38

. These effects are not so dramatic for 

sensitized TiO2 films
31

. Furthermore, it turned out to be critical to use freshly prepared 

dye solutions in order to obtain a better reproducibility of the performance of ZnO dye 

solar cells.  

It is generally observed that N719 dye produces the best-performing cells. 

Mercurochrome cells give photovoltage values close to those of the Ru-based dye cells, 

but lower photocurrents. Cells prepared with Eosin Y provide competitive photocurrents 

although photovoltages are generally lower. This is most probably due to the absence of 

tert-butylpyridine (TBP) in the electrolyte in those cells, as it was found that the 

presence of TBP results in the desorption of Eosin from the ZnO surface. This 

compound, as will be shown in the following Chapters, improves the photovoltage of 

the cells. Fill factors are in the range 0.4-0.6 for most cells and the efficiencies range 

between 0.4 and 1.2% for the organic dyes and 1.0-1.8% for N719 cells. 

In a recent report
23

 the performance of ZnO electrodes sensitized with different 

organic dyes was compared with the performance of ZnO electrodes sensitized with 

N719. The authors reached similar conclusions to the ones found in this study. 
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Concretely, the efficiency for Eosin Y-sensitized ZnO solar cells was found to be about 

40% lower than for N719-based cells. 

5.6.  Light intensity dependence of the photovoltage and the         

photocurrent 

In Figure 5.7 the short circuit currents and the open circuit voltages are shown as a 

function of light intensity (I0) for sealed cells with the N-719, Eosin Y and 

Mercurochrome dyes.  

 

 

 

 

 

 

Figure 5.7 (a) Light intensity dependence of the short circuit photocurrent and (b) open circuit 

photovoltage for  N719, Mercurochrome and Eosin Y. In the case of the open circuit voltage, the slopes 

of the respective linear fits are indicated as well. 

The short circuit photocurrent is linearly proportional to light intensity up to 

200 mW cm
-2

 for the three dyes. On the other hand, the open circuit photovoltage 

increases approximately linearly with the logarithm of the light intensity for all the 

samples. ZnO films sensitized with organic sensitizers exhibit nearly ideal diode 

behaviour with an approximate slope of 26 mV (Equation 2.20, Voc   kT/q lnI0). Hara 

et al.
10

 also found an ideal behaviour in the open circuit voltage versus light intensity 

plots (slope ~ 25 mV) of Mercurochrome-sensitized ZnO cells. As described in the 

following Chapters, ideal behaviour is not a common characteristic of ZnO dye solar 

cells. Non-ideal slopes as those found for N719 (slope ~ 37 mV), are usually found in 

the Voc
 
versus ln(I0) plots. However, the recombination mechanism in the case of 

Mercurochrome and Eosin Y might be substantially different, with a possible important 

contribution of electron recombination with the oxidized dye molecules.  
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5.7.  Local energy conversion performance 

The spatial dependence of the cell efficiency was evaluated by means of the Laser 

Beam Induced Current (LBIC) technique
30

 in combination with transmittance 

measurements. The LBIC mapping technique permits to study simultaneously the local 

performance of the cells, the dye degradation and the efficacy of the oxide sensitization. 

Results for photoconversion data obtained from LBIC measurements are presented in 

Table 5.5. 

Table 5.5 Photoconversion data as extracted from LBIC experiments.  

Wavelength 

(nm) 

Dye Max IPCE 

(%) 

Min IPCE 

(%) 

Mean IPCE 

(%) 

St. dev.  

(%) 

532.0 

(4.15μW) 

N719 
24.4 13.1 19.2 1.24 

Eosin Y  29.1 15.5 20.3 1.20 

Mercurochrome 
19.7 9.8 15.1 0.90 

 

632.8 

(5.1 μW for 

N719, 515 μW 

for organic dyes) 

 

N719 4.30 2.87 3.30 0.111 

Eosin Y  0.033 0.024 0.027 0.001
 

Mercurochrome 0.159 0.067 0.102 0.014 

 

The intensity of the 532 nm laser was fixed at 4.15 W whereas the 632.8 nm laser 

was set to 5.10 W for N719 cells and 515.0 W for Mercurochrome and Eosin Y cells. 

Higher light intensity was needed to obtain similar currents due to the lower absorption 

of these organic dyes in the red as compared to that of N719. As expected from their 

absorption spectra, the IPCE for organic dyes is negligible compared to N719 dye cells 

at 635 nm. However, the quantum efficiency of the organic dyes is impressive at 532 

nm, especially for Eosin Y. These results clearly show that the main reason for the 

decrease of the overall efficiency for DSCs with the organic dyes as compared to the 

standard N719 is the poor absorption at wavelengths beyond 600 nm.  

Transmittance measurements were performed simultaneously to the LBIC experiment 

(Table 5.6). Transmittance values for a non-sensitized ZnO cell are also shown for 

comparison. 
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Table 5.6 Transmittance (T) corresponding to the LBIC scans reported on Table 5.5. 

Wavelength 

(nm) 

Dye Max T 

(%) 

Min T 

(%) 

Mean T 

(%) 

St. deviation 

(%) 

532.0 

(4.15μW) 

N719 6.4 0.2 1.9 0.8 

Eosin Y  3.7 0.2 1.5 0.5 

Mercurochrome 3.3 0.2 0.9 0.4 

No Dye 22.9 1.4 7.9 3.1 

632.8 

(5.1 μW for 

N719  

515 μW for 

organic 

dyes) 

 

N719 47.4 1.7 16.6 7.2 

Eosin Y  59.3 2.5 17.3 6.9 

Mercurochrome 56.2 3.4 16.5 7.4 

No Dye 50.2 2.6 20.8 7.8 

 

The lower light harvesting of organic dyes with respect to N719 is confirmed by the 

high value of the transmittance for Eosin Y and Mercurochrome cells at 633 nm. The 

transmittance at 532 nm is lower for organic dyes, indicating good light harvesting 

properties of these dyes at the maximum of the solar spectrum. Neither light absorption, 

nor photoconversion is homogeneous throughout the film.  

In Figure 5.8 the photoconversion and transmittance maps obtained for the different 

cells are shown. In this figure, the surface distribution of the local photoconversion 

performance can be easily distinguished.  



5.  ZnO sensitized with xanthene dyes 

 

93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 LBIC and transmittance maps for sealed cells, using the 532 nm laser line. Photoconversion 

efficiencies (%) and transmittance (%) are coded using a scale of grey, the white being the maximum 

value in the selected interval. 

Regions of larger photoconversion efficiency (bright regions in left graph) correlate 

well with regions where a stronger light harvesting is detected (dark regions in right 

graph) and vice versa. This is another indication that the light harvesting efficiency is 

the main factor that controls the performance of the cells. 

In Figure 5.9 IPCE values are plotted versus transmittance along a straight line in the 

LBIC scan. An overall linear dependence is found for the three dyes. Similar results are 

obtained if the scan is performed along different lines or directions or using a different 

excitation wavelength. 
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Figure 5.9 Quantum efficiency versus transmittance along a single line in a LBIC-transmittance scan 

with the 532 nm laser. Eosin data are shifted upward by a 5% for clearer presentation. 

As described in Chapter 2, the incident photon-to-current efficiency (IPCE) can be 

defined as the product of the light harvesting efficiency ηlh (λ), the injection efficiency 

ηinj (λ) and the electron collection efficiency ηcol (λ) (Section 2.3). The results in Figure 

5.9 can be interpreted using the following expression for the light harvesting efficiency:  

                                 (5.1) 

where T is the transmittance and R the reflectance. When the other factors are constant 

(ηinj (λ) and ηcol (λ)), a plot of the IPCE versus the transmittance should give a straight 

line with a negative slope. This is what is actually found for the LBIC-transmittance 

data obtained in this study. Furthermore, the slope is observed to be roughly the same 

for the three dyes, indicating that the injection quantum yield (provided that collection 

efficiency is constant) is very similar for the organic dyes and the N719 dye. Note that 

the reflectance term will introduce a constant shift of the IPCE-transmittance data if it is 

assumed that there are no significant differences in the reflectance properties of the film 

from one point to another. These results confirm that the lower light absorption of the 

organic dyes due to the narrower absorption spectrum is the reason for the lower 

efficiencies obtained with respect to the N719 dye.   

5.8.  Stability tests 

Organic dyes are considered to be less stable than metal complexes. It is, therefore, 

fundamental to check the viability of this type of dyes by performing stability tests. The 
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cells have been illuminated at an intensity of 200 mW cm
-2

 for several hours and the 

photocurrent densities have been monitored along time. It must be borne in mind that an 

intensity of 200 mW cm
-2

 corresponds to twice the standard solar light intensity.  The 

reason for using this illumination condition was that at higher intensity, the turn-over 

rate of the dye is higher and possible degradation mechanisms can be accelerated. The 

results are shown in Figure 5.10.  

 

 

 

 

 

 

 

 

Figure 5.10 Photocurrent at short circuit for sealed cells with different dyes. The illumination intensity 

was set to 200 mW cm
-2

. 

The stability tests were carried out with sealed cells. No apparent degradation of the 

organic dyes is observed as a result of the thermal treatment (180°C). The test revealed 

that the three dyes studied (N719, Mercurochrome and Eosin Y) produce short circuit 

photocurrents that are virtually constant. This has been verified for at least 5-8 hours 

and no visible decay is observed over this time span. It should be noted that the 

continuous illumination test implies that the cell is heated to approximately 80
o
C. In 

spite of this, the cells remain stable and provide a constant current under continuous 

illumination. 

5.9.  Conclusions  

In this Chapter the performance of ZnO DSCs sensitized with xanthene dyes and with 

the N719 reference dye has been compared. It was found that organic dyes such as 

Mercurochrome and Eosin Y can be used to successfully fabricate DSCs based on the 

semiconductor ZnO. It was observed that the sensitization process is crucial for 
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optimizing the efficiency of DSCs based on N719 and Mercurochrome, but not for 

Eosin Y cells. In addition, the fill factors of N719 cells deteriorate with sensitization 

time. On the contrary, the organic sensitizers appear more robust in this aspect, 

indicating a favourable interaction between the dye and the ZnO semiconductor film. 

Local photocurrent and transmittance measurements at two different wavelengths 

confirm the good performance of xanthene dyes in their absorption maxima. It was 

found that the main factor that limits the efficiencies of the organic dyes with respect to 

the N719 reference dye is their relatively narrow absorption spectrum. Sealed cells with 

xanthene dyes show good stability even at high illumination intensities.  

In the light of these results, the efficiency of cells with organic dyes might be 

optimized by tailoring the dye absorption in the red. The sensitization of ZnO with 

organic dyes seems very promising even if the ideal dye is not available yet.   
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6. Electrolytes based on room temperature ionic liquids for 

ZnO-based dye-sensitized solar cells  

In this Chapter, a study of dye-sensitized solar cells based on nanostructured zinc 

oxide combined with imidazolium-based room temperature ionic liquid electrolytes is 

presented.  

Due to concerns about the long-term stability of a solid-liquid junction solar cell, there 

has been a great interest in finding a substitute for volatile electrolytes based on organic 

solvents.  One approach, as mentioned in Section 1.2.3, has been the development of 

solid state devices based on hole conductors such as inorganic p-type semiconductors 

like e.g. CuSCN
1 

and
 
CuI

2 
or organic hole-transporters as the Spiro-MeOTAD

3,4
. 

However, incomplete pore filling, high recombination rates and low hole conductivity 

limit the performance of this type of devices.  

Room temperature ionic liquids (RTILs) represent an interesting compromise between 

organic solvent-based electrolytes and a solid hole conductor. As they are liquid, they 

can penetrate easily into the semiconductor pores. At the same time they have a 

negligible vapour pressure, so that evaporation problems are avoided. In addition, they 

can be used in flexible plastic cells because, in contrast to organic solvents, they do not 

permeate the plastic cell walls5,6. 

The concept of a liquid salt is usually associated to high temperatures due to the 

strong electrostatic attraction ionic compounds usually exhibit (e.g. NaCl). However 

RTILs are composed of very asymmetric and large ions, so that attractive forces are 

weak. The consequences are a low melting point (they are liquid at room temperature) 

and a negligible vapour pressure (they are practically non-volatile). Besides non-

volatility, RTILs possess unique physicochemical properties, which make them very 

distinct from conventional molecular liquids such as non-flammability, high ionic 

conductivity and high thermal, chemical and electrochemical stability
7
. 

Ionic liquids were first discovered in the 1940s and since then their potential 

applications have not stopped increasing. Their main application is as solvents in the 

field known as green chemistry. RTILs are good solvents for a wide range of both 

inorganic and organic materials and, in contrast to organic solvents, they are non-

volatile an easily recyclable
8
, avoiding costs and environmental problems. On the other 
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hand, since the ionic liquids are essentially ionic conductors with high conductivities
9
, 

their utilization as novel electrolytes for electrochemical devices such as lithium 

secondary batteries, electric double layer capacitors, dye-sensitized solar cells, fuel cells 

and actuators has also been the subject of intense studies.    

RTILs are typically comprised of combinations of organic cations, such as 

imidazolium, pyridinium, ammonium, sulfonium and phosphonium derivatives and a 

wide range of anions, from simple halides to inorganic anions such as tetrafluoroborate 

or large organic anions like triflate. Physical and chemical properties such as viscosity, 

density and solubility can vary in a wide range depending on the cation-anion 

combination of the ionic liquid. This high versatility allows for the design of different 

ionic liquids for each application and the number of existing RTILs is immense.  

RTIL-based electrolytes (solvent free electrolytes) have been widely used in dye-

sensitized solar cells
6,10-13

. However, the viscosity of typical RTILs is about 100 times 

higher than that of acetonitrile at room temperature. As a consequence, mass transport 

limitations
10,14 

as well as high recombination rates
11

 have been reported for this kind of 

electrolytes, leading to lower efficiencies with respect to the cells based on organic 

solvent electrolytes. Nevertheless, conversion efficiencies of around 9%
i
 have been 

reported for ionic-liquid-based DSCs
15

 and devices with high long-term stability can be 

obtained. As will be discussed in Chapter 7, the key factor for this high efficiency is 

the combination of RTIL electrolytes with strongly absorbing sensitizers (i.e. dyes with 

high extinction coefficients). 

Among the huge variety of ionic liquids available, the best results for DSCs have been 

obtained with imidazolium based salts. Wang et al.
13

 obtained an efficiency over 7%
ii
 

with the low-viscosity ionic liquid 1-ethyl-3-methylimidazolium selenocyanate, 

replacing the common iodide/triiodide redox couple by SeCN
-
/ (SeCN)3

-
, although this 

electrolyte has proved to be unstable. However, apart from this reference, the best 

efficiencies have been obtained with iodide imidazolium melts. Among the iodide 

imidazolium salts that are room temperature ionic liquids, PMII (1-propyl-3-methyl-

imidazolium iodide) has the lowest viscosity
6
 and the highest conductivity

16
.  This ionic 

liquid very often constitutes the main component of a solvent free electrolyte acting at 

                                                             
i  Cell active area: 0.158 cm

2 
ii Cell active area: 0.152 cm

2 
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the same time as solvent and as iodide source.  A remarkable 6%
iii

 efficiency has been 

obtained with pure PMII based electrolytes
17

. However, due to the large size of the 

counter ion it has a very high viscosity. This limits its applicability as electrolyte for 

solvent free cells. Additionally, in DSCs with an electrolyte containing a high 

concentration of iodide, a reductive quenching of the sensitizer has been observed: 

excited dye molecules accept an electron from I
-
 thus forming a reduced dye species  

(D
-
), which no longer injects electrons in the semiconductor

6,18,19
.  

In order to overcome the limitations associated with iodide imidazolium salts, without 

renouncing their proved favourable properties, electrolytes based on mixtures of PMII 

and ionic liquids of low viscosity have been explored
18,20,21

. The nature of anions, e.g. 

their geometry and charge distribution, determines the strength of the cation-anion 

interactions and eventually the viscosity of an ionic liquid
22,23

. Imidazolium salts 

containing non-electroactive anions such as thiocyanate
6,21

, dicyanamide
24

, 

tricyanomethide, tetracyanoborate
15,19,20

 or selenocyanate
13

 have a much lower viscosity 

than the iodide based PMII. It has been proved that the addition of imidazolium salts 

containing non-electroactive anions to pure PMII decreases the viscosity of the 

electrolyte and improves the power conversion efficiencies of DSCs
6
. 

The substitution of organic solvents by RTILs in ZnO-based solar cells, which has not 

been studied up to now, is discussed in this Chapter. PMII was chosen as the basic 

component of the electrolyte, and its combination with other imidazolium-based ionic 

liquids of lower viscosity is analyzed. In Table 6.1 the viscosity of the ionic liquids 

tested in this study is summarized and in Figure 6.1 the molecular structures are shown. 

Table 6.1 Viscosity of the ionic liquids tested in this study. 

RTIL Viscosity  (cP) Ref. 

PMII         776.0    (298 K) [25] 

EMIDCN 21.0    (298 K) [26] 

EMIBCN 19.8    (293K) [19] 

EMITFSI 44.4    (298 K) [19] 

                                                             
iii Cell active area: 0.152 cm

2 
 



6. Electrolytes based on RTIL for ZnO-based DSCs 

 

103 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Molecular structures of the room temperature ionic liquids used in this study. 

The first step of this study was the optimization of the iodine and iodide concentration 

of the ionic liquid electrolytes for ZnO solar cells.  EMIDCN was chosen as “solvent 

RTIL”. The effects of the redox couple concentration, I
-
/I3

-
 ratios, light intensity and 

additives (4-tert-butylpyridine (TBP) and LiI) on the performance of the DSCs were 

explored. EMIDCN is an ionic liquid with promising features for DSCs
27

 due to its high 

electrochemical stability, low viscosity and broad liquid range
28

 as well as its relatively 

low price. In addition, good efficiencies have been obtained for TiO2 cells based on 

ionic liquid mixtures of EMIDCN and PMII
23

. The combination of PMII with two 

additional ionic liquids has been also studied in order to investigate the effect of 

different RTIL anions in the performance of the cells.   

6.1.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 6.2 and the 

parameters of the illumination source used for photovoltaic characterization in Table 

6.3. 
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Table 6.2 Summary of the materials employed in the fabrication of the cells 

ZnO Dyes Electrolytes Additives 
Counter 

electrode 

Degussa VP 

AdNano®ZnO20 

Cell area:   

0.64 cm
2 

 

 

N719 

0.5 mM 

in ethanol 

(2 hours) 

 

PMIMI + I2 

 LiI 

(0.1 M) 

TBP 

(0.8 M) 

Hexachloroplatinic 

acid 

(0.01 M in 

isopropanol) 

 

Table 6.3 Illumination set-up used for DSC testing 

Illumination source Filters Calibration 

Xenon 450W          

arc lamp 

 Water filter  

 325 nm UV  

 KG5 IR filter  

Reference solar cell 

(Oriel, 91150) 

100 mW cm
-2 

 

The electrodes were sealed at 180°C using a Surlyn film (60 μm). The electrolyte was 

introduced via two channels in the Surlyn seal frame. Before characterization, the cells 

were stored in the dark overnight to allow the electrolyte to penetrate the ZnO pores. 

The white light illumination intensity was varied between 10 and 200 mW cm
-2

 at room 

temperature using neutral density filters. Additionally, in some measurements a green 

laser (532 nm) was used as light source. Photocurrents, photovoltages, current-voltage 

curves, open circuit photovoltage decays and impedance spectra were measured with an 

Autolab/PGSTAT302N station (Ecochemie) coupled with a FRA2 frequency generator 

module. Circuit (b) (Figure 3.10) has been used to fit the impedance data. Dye-

sensitized solar cells were illuminated until constant values of Jsc were reached. Using 

RTIL as electrolyte, this procedure can take up to 20 minutes, especially for the most 

viscous compositions. This long stabilisation times can be explained by the slow mass 

transport associated with RTILs and hence, a longer time required to reach the final 

concentration gradients for the charge carriers and charge compensating ions in the 

DSC. The heating of the cell, as will be described in Section 6.4, also plays an 

important role in this process. 

 

 EMIDCN 

 EMITFSI 

 EMIB(CN)4 
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6.2.  Optimization of the iodine concentration 

 The optimization of the iodine concentration is one of the most important variables in 

the performance optimization of DSCs. As seen in Chapter 1, triiodide plays a 

fundamental role in the functioning of the dye solar cell. Its optimization is crucial as 

equilibrium between fast reduction to iodide and slow recombination with the injected 

electrons must be achieved. In the case of ionic liquid electrolytes, another factor that 

must be taken into account is a possible diffusion limitation of the species forming the 

redox couple. This is a consequence of the higher viscosity of this kind of solvents. It is 

expected that the optimal iodine concentration will depend on the respective electrolyte 

composition
29

. However, we limit our analysis on the optimization of the iodine 

concentration in the pure PMII. The optimization is thus made for the most viscous 

electrolyte used in this work, so that photocurrent losses due to mass transport limitation 

of triiodide are minimized
6
. 

To compensate for the slow diffusion in ionic liquid electrolytes, the need for a higher 

concentration of triiodide with respect to the one used in organic electrolytes has been 

reported
10,30

. However, the increment of the concentration of I3
-
 can lead to a lower 

performance of the cell. On the one hand, it must be born in mind that iodine absorbs 

light
10,26

, which can provoke a diminution of the photocurrent. In addition, an increase 

in the iodine concentration can accelerate recombination since more triiodide ions are 

available for accepting electrons (Equation 2.5). Hence, maximum of the cell 

performance is expected at intermediate triiodide concentrations.  

In Figure 6.2, the photocurrent obtained under white light illumination (without KG5 

filter) is plotted versus the iodine concentration in the electrolyte. The short circuit 

current density increases initially with iodine concentration and reaches a maximum at 

around 0.05 M. Upon a further increase of the iodine concentration the photocurrent 

decreases steadily. The initial increase of the photocurrent could be a consequence of 

diffusion limitation in the electrolyte associated to the low triodide concentration. 

Furthermore, it was observed that the addition of iodine to a RTIL decreases its 

viscosity
10,26,30

. This could also contribute to the initial improvement.  
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Figure 6.2 Short circuit photocurrent for PMII-based ZnO dye-sensitized solar cells versus I2 molar 

concentration. White light illumination with UV filter (100 mW cm
-2

) and green light (laser at 532 nm) 

were used to photoexcite the devices. 

The influence of the iodine concentration on the photocurrent when using a green 

laser as light source is also highlighted in Figure 6.2. In contrast to experiments with a 

white light source, no photocurrent maximum is observed in this case. This different 

behaviour points to the fact that light absorption by triiodide is very important in the 

case of white light illumination. It is observed that the PMII/I2 electrolyte absorbs 

strongly between 350 and 450 nm (Appendix 11.4).  The decrease of the photocurrent 

at high iodine concentrations can, therefore, be assigned mainly to the absorption of 

light by triiodide. 

In ionic liquid electrolytes with a high iodide concentration the measured triiodide 

diffusion coefficient is observed to be much higher than expected on the basis of 

viscosity data
26,31

. A mechanism for triiodide transport in ionic liquids has been 

suggested to explain this non-Stokesian behaviour 
26,30,32

. It is believed that apart from 

the normal physical diffusion, the triiodide transport is determined by a Grotthuss-type 

charge-exchange mechanism
6,30,31,33

. A scheme of the underlying mechanism is shown 

in Figure 6.3. The triiodide approaches iodide from one end, forming an encounter 

complex, from which triiodide is released at the other end. As a result, the triiodide is 

displaced by the length of one I–I bond (2.9 Å
34

) without having to cross that distance. 

The Grotthuss mechanism describes, therefore, charge transport rather than real mass 

transport. This is manifested, however, as an apparent acceleration of the triiodide 

diffusion and can explain the abnormally high diffusion coefficients determined 

experimentally
6
.  
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Figure 6.3 a) Grotthuss mechanism of transport for triiodide in ionic liquids with high iodide 

concentration. Iodide (red), triiodide (yellow), encountering complex (orange). b) Physical diffusion. 

Watanabe et al.
35

 confirmed by a microelectrode study that when the concentration of 

the redox species is high, and [I
-
] and [I3

-
] are comparable, the contribution from the 

exchange reaction dominates the charge transport in this system. This mechanism can 

contribute to an increase in the charge transport process when the iodine concentration 

is high. However, the results presented in Figure 6.2 point to the fact that in this case 

light absorption of triiodide overcompensates for the possible improvement of diffusion 

at high iodine concentrations
23

.  

The open circuit voltage dependence on iodine concentration is shown in Figure 6.4. 

According to Equation 2.5 an increment of the iodine concentration leads to a higher 

recombination rate
26

. As a consequence of the higher recombination rate and, therefore, 

the shorter lifetime, the photovoltage is found to decrease with iodine concentration. 

 

 

 

 

 

 

 

 

 

Figure 6.4 Open circuit voltage as a function of the iodine concentration. White light illumination with 

UV filter (100 mW cm
-2

). 

(a) Grotthuss mechanism (b) Physical diffusion 
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In order to maximize the device performance, an optimal iodine concentration of 

0.05 M can be deduced from the photocurrent (Figure 6.2) and photovoltage (Figure 

6.4) profiles. This concentration is very similar to those utilized in volatile standard 

electrolytes
36

. 

6.3.   Optimization of the iodide concentration 

Electrolyte composition is also optimized with respect to the iodide concentration. As 

mentioned in Section 6.1, the photovoltaic performance of the cells can be strongly 

improved by mixing PMII with less viscous ionic liquids. For this purpose PMII was 

mixed with 1-ethyl-3-methyl-imidazolium dicyanamide (EMIDCN, Figure 6.1) in the 

present study. A summary of the photovoltaic parameters as a function of the 

PMII/EMIDCN mixing ratio is shown in Table 6.4.  

Table 6.4 Photovoltaic parameters as a function of PMII/EMIDCN mixing ratio. Illumination intensity: 

100 mW cm
-2

. Mean values and deviations are derived from independent measurements of several 

devices for each electrolyte composition.  

 Mol% PMII   Jsc (mA cm
-2

)      Voc (mV)           FF        η (%) 

20% 2.83 ± 1.09 645 ± 4.24 0.56 ± 0.01  1.03 ± 0.39 

40% 7.78 ± 1,30  620 ± 1.41 0.50 ± 0.01 2.43 ± 0.38 

60% 7.74 ± 0,32  580 ± 2.12 0.48 ± 0.01 2.17 ± 0.13 

       100% 5.70 ± 0.43  528 ± 2.12 0.48 ± 0.01 1.46 ± 0.08 

 

An optimal mixing ratio of 40% PMII and 60% EMIDCN is found. All the 

photovoltaic parameters of the cells are clearly affected by PMII/EMIDCN mixing ratio. 

The first factor that must be taken into account to explain the behaviour of cells with 

different electrolyte compositions is the viscosity. We must bear in mind that EMIDCN 

is much less viscous than PMII (Table 6.1). According to Wachter et al.
26,27

, reducing 

the PMII content from 100% to 80% by mixing this ionic liquid with EMIDCN results 

in a viscosity-decrease of about 75%. A further reduction of the PMII content down to 

40% yields an overall viscosity-decrease of about 95%. Therefore, larger triiodide 

diffusion coefficients are expected for the ionic liquid blends compared to the pure 

PMII electrolyte. In fact, it is observed that the initial reduction of PMII from 100% to 

60 %  induces a significant improvement of the photocurrent (Figure 6.5).  
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Figure 6.5 Photocurrent versus PMII content. 

However, although the reduction of the PMII ratio initially provokes an increase of the 

photocurrent, it is observed that it reaches a plateau and even decreases strongly at low 

PMII concentrations. In terms of charge transport via the Grotthuss mechanism in ionic 

liquids (as described in Section 6.2), a high iodide concentration would promote 

exchange transport of triiodide. Therefore, lowering the PMII/EMIDCN mixing ratio 

not only would induce an increase of physical diffusion as a consequence of viscosity 

decrease, but also a slow-down of the exchange reaction due to the diminution of iodide 

concentration (Figure 6.3).   

Very recently, Hao et al.
37

 reported on the performance of TiO2 cells using the same 

binary electrolyte system as the one studied in this work. They explain the observed 

dependence of the photocurrent on the PMII/EMIDCN ratio by the change of the 

relative contributions from physical diffusion and exchange reaction to the overall 

charge transport. However, Wanatabe et al.
35,38

 have proved that the contribution of the 

exchange reaction mechanism to the transport of triiodide is small with respect to 

physical diffusion for high iodide/triiodide concentration ratios, that is, when there is a 

large excess of iodide in the electrolyte
38

. The low iodine concentration employed for 

the fabrication of the cells (0.05 M), together with the fact that physical diffusion is 

greatly enhanced by the low viscosity ionic liquid EMIDCN, seem to indicate that the 

charge transfer mechanism does not have a major impact
39

 on the overall performance 

of the cells studied in this work. 
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Zhang et al.
38

 attributed the decrease of the photocurrent at low PMII content in ionic 

liquid-based TiO2 cells to incomplete dye regeneration at PMII concentrations lower 

than 1 M. In addition, the strong photocurrent deterioration observed in Figure 6.5 is 

probably due to the instability of the sensitized films when the EMIDCN content in the 

electrolyte is high. Dye desorption may take place at high concentrations of 

dicyanamide anions, a process that is more critical on ZnO than on TiO2 due to the 

lower chemical stability of this oxide and the problematic dye-oxide interaction 

described in Chapter 5. This instability is furthermore reflected in a lower 

reproducibility of the short circuit photocurrent measured for cells with high EMIDCN 

contents (Figure 6.5). Therefore, a low proportion of dicyanamide is desirable to avoid 

desorption of the dye and to optimize cell performance. Although a certain instability 

has been reported under light soaking for TiO2 cells using EMIDCN as well
21

, it must 

be pointed out that a remarkable efficiency (>6%) has been obtained with solvent free 

electrolytes based on PMII and EMIDCN.  

The mixing ratio affects the photovoltage as well (Figure 6.6).  It is found that the 

photovoltage is incremented by more than 100 mV when the PMII content is decreased 

from 100% to 20%.  

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Photovoltage versus PMII ratio. 

An improvement of the photovoltage is expected with a reduction of the iodide 

content in the electrolyte
19

 due to the displacement of the equilibrium redox potential of 

the I
-
/I3

-
 couple according to the Nernst equation (Equation 2.16). If the Fermi level in 

the semiconductor is fixed, as expected for constant illumination intensity, this 
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displacement will lead to a higher photovoltage. However, Equation 2.16 can only 

account for an increment of around 21 mV upon a decrease of the iodide concentration 

by a factor of 5. 

 Electrochemical impedance spectroscopy (EIS) measurements can be used to study in 

detail the processes determining the overall cell performance.  In Figure 6.7 EIS spectra 

measured in the dark at an applied voltage of 0.55 V are shown for cells with different 

PMII/EMIDCN mixing ratios. As discussed in Chapter 3, the arc at intermediate 

frequencies (middle arcs in Figure 6.7) corresponds to the charge-transfer resistance of 

the electron recombination at the oxide/electrolyte interface.  

 

 

 

 

 

Figure 6.7 Impedance spectra for different PMII/EMIDCN mixing ratios at 550 mV in the dark. 

The value of the charge-transfer resistance strongly increases as the concentration of 

iodide ions decreases. The fitting of the impedance spectra yields for the charge transfer 

resistance Rct = 65.1 Ω and 215 Ω for pure PMII and 40% PMII, respectively. On the 

other hand, the lifetimes (Equation 3.11 τn = Rct Cμ) extracted from the fits were 0.0075 

s and 0.015 s for pure PMII and 40% PMII, respectively. The increase of the 

recombination resistance and of the lifetime when the PMII/EMIDCN mixing ratio is 

reduced explains the improvement of the photovoltage with respect to pure PMII. These 

results point to a blocking of electron recombination with triiodide when dicyanamide 

anions are present at the ZnO/electrolyte interface. Examples of EIS spectra for each of 

the four mixing ratios can be found in the Appendix 11.5.  

The improvement of the photovoltage and the increase of the recombination resistance 

at low PMII/EMIDCN mixing ratios may also be the consequence of a negative 

displacement
40

 of the ZnO conduction band upon EMIDCN addition. To ascertain this 

point we have carried out impedance spectra at different bias voltages. The dependence 

of the transport resistance and the chemical capacitance of the ZnO/electrolyte interface 
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on the applied voltage provides information on this kind of band displacement 
41

 as will 

be explained in more detail in Chapter 9. Both magnitudes, transport resistance and 

chemical capacitance, are presented in Figure 6.8 as a function of the applied voltage.  
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Figure 6.8 Variation of the transport resistance (upper panel) and of the chemical capacitance (lower 

panel) with the applied voltage for  two electrolyte compositions. 

The capacitance is related to the difference between the Fermi level and the 

conduction band edge by Equation 2.40. Therefore, if we assume the same trap 

distribution for all our samples, data in Figure 6.8 reveal a negative displacement of the 

ZnO conduction band of around 50 mV in the PMII/EMIDCN (40% PMII) cell with 

respect to the one containing pure PMII. The same conclusion is reached from the 

analysis of the resistance data in Figure 6.8.  

A deviation from linearity at high voltages is observed for both capacitance and 

transport resistance (Figure 6.8). In the case of ZnO cells, the fitting of the transport 

resistance turns out to be problematic and as a consequence a flattening at high voltages 

is often observed. This matter will be discussed in detail in Chapter 9, together with a 

procedure to overcome this problem. Small deviations from linearity both in capacitance 

and transport resistance can be also produced by a potential drop through the film due to 

series resistance
42

. A similar observation has been reported for solvent free TiO2 solar 

cells sensitized with N719 dye
11

.  

Potential/ mV  
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Recently
43,44

, a quantum-mechanical study of dicyanamide anions has proved that the 

nitrogen atom of the cyano groups virtually carries more negative charge than the 

central nitrogen. This fact makes the adsorption on the oxide more favourable. The 

dipole, which points from the electrolyte toward the oxide, probably causes the 

conduction band edge elevation (Figure 6.9).  

 

 

 

 

 

 

 

 

 

Figure 6.9 Schematic presentation of the dipole effect on the conduction band edge. The red arrows 

indicate the dipole direction. 

The displacement of the band edge leads to a lower density of states at the same Fermi 

level position. As a consequence lower recombination and longer lifetimes are observed 

for the dicyanamide containing electrolyte with respect to the pure PMII at the same 

applied voltage. In addition, it has been recently reported
45

 that highly viscous solvents 

might lead to higher recombination losses due to poor dye regeneration during solar cell 

operation.  

Very recently, Hao et al.
37

 have carried out a similar study to the one described here 

for TiO2 cells in combination with PMII and EMIDCN. They also found an 

improvement in the photovoltage when the EMIDCN content was increased, but this 

improvement (68 mV) is less pronounced than the one observed in this study (117 mV, 

Figure 6.6 and Table 6.4). This may be a consequence of dye desorption in the 

presence of EMIDCN, which is expected to be more pronounced for ZnO thus 

providing more adsorption sites for the dicyanamide anion.  

It must be pointed out that negative conduction band shifts are reported to provoke a 

diminution of the injection quantum yield due to a lower driving force, and this can 

affect also to the photocurrent measured as a function of the PMII ratio.  
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The viscosity of the electrolyte also affects the fill factor of the cells
6,19,25

. The charge 

transfer resistance of the counter electrode (high frequencies, left semicircle) and the 

diffusion resistance of the electrolyte (low frequencies, right semicircle) increase with 

PMII concentration (Figure 6.7 and Appendix 11.5). This illustrates that the viscosity 

of the ionic liquid is a key property not only for the diffusion of ions in the electrolyte, 

but also for the kinetics of electron transfer at the counter electrode of the DSC46.  

6.4.  Light intensity dependence and diffusion limitations 

Transport limitations in viscous electrolytes are commonly detected by measuring the 

photocurrent at short circuit (Jsc) as a function of light intensity (I0). A non-linear 

response indicates that ionic transport in the electrolyte is neither fast enough to 

regenerate the dye nor to transport the holes towards the counterelectrode
10,11

. Bearing 

this in mind we have measured the short circuit photocurrent as a function of light 

intensity (Figure 6.10) for the most viscous composition (i.e. pure PMII).  

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Short-circuit photocurrent as a function of light intensity for PMII-based ZnO dye solar cells 

with and without IR filter. The inset shows the incident illumination spectra with and without IR filter.  

The measurements were carried out up to an intensity of 200 mW cm
-2

 (yielding 

photocurrents of up to 11 mA cm
-2

) with (circles) and without (squares) the IR filter 

KG5 (Chapter 4).  When using the IR filter the photocurrent shows a clear deviation 

from linearity at intensities above 7 mA cm
-2

 (Figure 6.10). This observation reveals 

that there is indeed a certain diffusion limitation due to the high viscosity of the pure 

PMII electrolyte.  
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The diffusion limitation observed in Figure 6.10 can be compared to an estimation of 

the saturation current density of triiodide ions within the cells, as the main limitation is 

expected to be the transport of triiodide to the counter electrode
10

. Assuming an 

homogeneous electrode we can estimate the saturation current using the approximate 

formula
10,47

 

      
      

     
 

 
                                                          (6.1) 

where n is the number of electrons involved in the reaction, D     is the diffusion 

coefficient of the triiodide ions and δ is the diffusion layer. Taking 2 10
-7

 cm
2 

s
-1

 for the 

diffusion coefficient as reported in Ref. [11], [I3
-
] = 0.05 M, n = 2 and δ ~ 30 μm (half 

the thickness of the spacer) we obtain jsat = 1.29 mA cm
-2 

at room temperature. 

According to Figure 6.10, the mass limitation appears at much higher photocurrent 

densities. However, it must be pointed out that the cell becomes heated when the 

illumination intensity is increased (up to 80ºC can be reached at working conditions
48

) 

and there is a strong increase of the triiodide diffusion coefficient with increasing 

temperature and decreasing viscosity
27

. Wachter et al.
32

 found that the diffusion 

coefficient of triiodide  in PMII increased by a factor of 8 upon a temperature increase 

from 25 ºC to 60 ºC. This would lead to a saturation current close to the one observed in 

Figure 6.10.  

To confirm the temperature effect, the dependence of the photocurrent with the light 

intensity was also measured without the IR filter (Figure 6.10). In this case the 

photocurrent increases linearly with light intensity. Hence, heating of the cell can indeed 

help to avoid diffusion limitations in this kind of systems. It must be mentioned that the 

photocurrents obtained without the IR filter were lower than those obtained when this 

filter is used in the illumination set-up. Both illumination configurations were calibrated 

using the same reference photodiode. When the light intensity is adjusted to the same 

value for both set-ups (using appropriate neutral density filters), the source spectrum 

contains a lower amount of visible light in the absence of the IR filter. Since dye 

absorption is produced in the visible region, this makes the photocurrent to be reduced 

at the same irradiance value when the IR filter is removed. From the inset in Figure 

6.10 it can be seen, furthermore, that the presence of the KG5 filter is useful to 

approximate the lamp spectrum to the standard AM 1.5 spectrum. 
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In Figure 6.11 impedance spectra of cells with pure PMII electrolyte at different 

illumination intensities are represented. 

 

 

 

 

 

Figure 6.11 Impedance spectra of PMII-based ZnO solar cells under various illumination intensities. 

It can be seen that the two main arcs (accounting for recombination charge transfer 

and diffusion of ions in the electrolyte) reduce their sizes when the light intensity is 

increased. This is a consequence of the drop in the charge transfer and diffusion 

resistances
11

. The heating, as described above, contributes to the decrease of the 

diffusion resistance of the triiodide in the electrolyte. But at the same time, the charge 

transfer is favoured by the increment of the triodide diffusion coefficient upon heating 

and as a consequence the recombination current increases. Therefore, although the 

diffusion limitations could be avoided by heating the cells, this would also provoke a 

decrease in the electron lifetime. 

6.5.  Effect of additives 

It is well known that the presence of some additives in the electrolyte can lead to a 

significant improvement of the photovoltaic performance of DSCs. Two of the most 

used additives for organic liquid electrolytes are tert-butyl pyridine (TBP) and lithium 

cations (Li
+
). After the study of the iodide and iodine concentration effect in the binary 

blend EMIDCN/PMII, the influence of TBP and Li
+
 on the performance of the 

optimized blend (60/40 EMIDCN/PMII) is analyzed. In Table 6.5 the photovoltaic 

performance of a reference cell with no additives and cells with LiI and TBP added can 

be found.  
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Table 6.5 Photovoltaic parameters under white light illumination at 100 mW cm
-2

. Mean values and 

deviations are derived from independent measurements of several devices for each electrolyte 

composition. 

    Cell   Jsc (mA cm
-2

)     Voc (mV)           FF        η (%) 

no additive 8.13 ± 0.84 607 ± 11.5 0.50 ± 0.01 2.64 ± 0.06 

+ LiI (0.1M) 9.28 ± 0.82 656 ± 9.19 0.53 ± 0.01 3.28 ± 0.17 

+ TBP (0.8M) 7.79 ± 0.23 637 ± 9.89 0.57 ± 0.01 2.81 ± 0.03 

 

These two additives are found to improve the overall performance of the cells. Both 

are responsible for a significant improvement of the photovoltage, and Li
+
 also 

increases the photocurrent of the devices. The device with the best performance yields a 

photoconversion rate of 3.4% under 1 sun with this illumination set-up (Section 6.1). In 

Figure 6.12 representative IV curves for each configuration are shown. 

   

 

 

 

 

 

 

 

Figure 6.12 Current-voltage curves for ZnO solar cells with optimized electrolyte composition. 

To ascertain the origin of the effect of additives on the performance of the cells we 

have carried out open circuit voltage decay (OCVD) measurements and impedance 

spectroscopy measurements of cells with the different electrolyte configurations. In 

Figure 6.13 the lifetimes obtained from OCVD measurements (Equation 3.1) are 

plotted versus the open circuit voltage
49

.  
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Figure 6.13 Electron lifetimes as obtained from OCVD measurements. 

In the OCVD measurements the light intensity is adjusted so that the initial value of 

the voltage (i.e. the quasi-Fermi level within the semiconductor) is the same for all 

cases
50

. Furthermore, 3 cells of each cell type have been prepared to determine the 

reproducibility of the results and they are all plotted in Figure 6.13. 

The results show that both TBP and Li
+
 ions decrease the recombination rate, which 

explains the enhancement in the open circuit photovoltage. These results are confirmed 

by the impedance spectra, for which the size of the intermediate-frequency arc is 

observed to increase in the presence of LiI and TBP with respect to the reference cells 

(Figure 6.14). The effect is more pronounced in the case of TBP.  

 

 

 

 

 

 

 

 

 

Figure 6.14 Size of the intermediate frequency arc as extracted from EIS measurements  in the dark  at an 

applied voltage of 590 mV for different electrolyte compositions. 
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The improvement of the photovoltage in the presence of TBP is well documented in 

the literature for cells based on organic electrolytes
50,51

 including ZnO-based solar 

cells
52

 and also for TiO2 cells with ionic-liquid-based electrolytes
23,53

. This 

improvement is explained by the inhibition of recombination and by the negative shift 

of the conduction band due to TBP adsorption on the oxide surface. Therefore, the 

addition of TBP to the electrolyte provokes an effect, which is similar to the one 

described above for dicyanamide anions (Section 6.3). At the same time, TBP usually 

leads to a decrease of the photocurrent due to a lower driving force for injection 

associated to the band displacement. As can be seen in Figure 6.12 and Table 6.5, TBP 

containing cells show lower photocurrent with respect to reference cells. However, this 

is only a minor effect, which could be the result of the competition between a less 

favourable driving force and the decrease of the viscosity of the electrolyte by the 

addition of TBP. 

In the case of TiO2-based dye-sensitized solar cells, Li
+

 ions are known to infiltrate the 

TiO2 structure and to adsorb at the oxide surface, thus affecting surface charge and 

lowering the energy of the conduction band edge (positive band shift). This band 

displacement leads to the enhancement of electron injection and at the same time, to the 

decrease of the open circuit voltage of the cells
54

. These effects are well documented in 

the literature
50,55-57

.
 
The positive effect on the photocurrent in the presence of Li

+
 

(Figure 6.12 and Table 6.5) can be associated to the band displacement described 

above. However, an improvement of the photovoltage is also observed. Furthermore, 

Li
+ 

ions seem to decrease the recombination rate as can be deduced from the OCVD and 

impedance measurements. The effect of lithium in these systems is not fully understood 

up to now. 

Kawano et al.
23

 observed in an ionic-liquid-based electrolyte an improvement of the 

photovoltage with Li
+
 concentration up to 0.1 M, which they attributed to an 

enhancement of electron injection. Quintana et al.
58

 claimed that the effect of Li
+
 ions in 

ZnO-based DSCs appeared to be very different to the one in TiO2-based cells.  They 

also observed an increment of the photovoltage upon addition of Li
+
 although this 

improvement was accompanied with a better photocurrent only when the lithium 

concentration was very small. Kamat et al.
59

 observed a significant decrease in the 

recombination rate of accumulated electrons upon Li
+
 intercalation in TiO2 nanotubes 

due to the blocking of recombination centres. Very recently, Wang et al.
60

 compared a 
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standard organic electrolyte with and without lithium ions added and found that, in fact, 

the presence of lithium decreases the charge recombination rate, which could yield a 

higher cell voltage. They claimed, however, that the positive shift of the conduction 

band upon Li
+
 adsorption overcompensated the advantageous influence on charge 

recombination, resulting in an overall photovoltage decrease. The effect of lithium must 

be studied in more detail in order to explain its behaviour in solvent free ZnO solar 

cells, although its positive effect is clear. 

6.6.  Alternative blends of ionic liquids 

To study the influence of the anionic structure of the RTIL on the performance of 

ZnO-solvent free solar cells, other imidazolium-based ionic liquids have been studied in 

combination with PMII. The two ionic liquids studied are 1-ethyl-3-methyl-

imidazolium tetracyanoborate (EMIBCN) and 1-ethyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl) imide (EMITFSI) (Figure 6.1), both with a much lower 

viscosity than PMII (Table 6.1). In Figure 6.15 the short circuit photocurrent is plotted 

as a function of the respective mixing ratio of ionic liquids.  

 

 

 

 

 

 

 

 

 

 

Figure 6.15 Short circuit photocurrent as a function of the mixing ratio of ionic liquids. 

No clear trend is observed in the photocurrent profile for EMITFSI based electrolytes. 

The insignificant variation of the photocurrent could be related to the higher viscosity of 

EMITFSI as compared to the other solvents used (EMIDCN, EMIBCN)
26

 (Table 6.1). 

For the low viscosity ionic liquid based on tetracyanoborate (EMIBCN), a trend similar 

to EMIDCN is observed. The initial increment with decreasing PMII content can be 

attributed, like in the case of EMIDCN, to the lowering of viscosity. However, in this 
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case the strong decrease in the photocurrent at low PMII contents is not observed. This 

seems to indicate that, in the case of EMITFSI and EMIBCN, dye desorption is not 

critical. The most interesting result is related to the photovoltage trend shown in Figure 

6.16.  

  

 

 

 

 

 

 

 

Figure 6.16 Photovoltages as a function of the mixing ratio of ionic liquids. 

In contrast to the behaviour observed in the presence of dicyanamide anions, the 

photovoltage of the cells is not improved when the PMII content is decreased. It seems 

that these anions do not provoke a displacement of the conduction band edge of ZnO. 

This indicates that the nature of the interaction between the oxide surface and the anion 

influences crucially the recombination kinetics. The fact that tetracyanoborate and 

bis(trifluoromethylsulfonyl)imide anions do not interact significantly with the ZnO 

surface has a negative effect on the photovoltage with respect to dicyanamide, but at the 

same time, it improves the stability of the ZnO cells because dye desorption is not 

observed. 

6.7.  Conclusions 

In this Chapter, the performance of ZnO solvent free solar cells has been analyzed. 

Binary mixtures of the most frequently used ionic liquid PMII with low viscosity ionic 

liquids have proved to have a positive effect on the performance of the cells. However, 

it has been observed that low viscosity is not the exclusive crucial factor to optimize the 

performance of ZnO solvent free cells. The nature of the non-electroactive anion in 

these binary mixtures is found to be also important. A specific improvement of the 
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photovoltage has been observed for dicyanamide anions whereas no such behaviour was 

observed for tetracyanoborate and bis(trifluoromethylsulfonyl)imide anions. The 

improvement has been associated to the adsorption of dicyanamide anions on the ZnO 

surface and to a negative displacement of the conduction band. However, the interaction 

of  dicyanamide with the ZnO surface provokes, on the other hand, dye desorption. As a 

consequence an optimal dicyanamide content in the electrolyte has to be determined to 

maximize cell performance. Lower photovoltages are observed with non-interacting 

anions such as bis(trifluoromethylsulfonyl)imide and tetracyanoborate anions, which do 

not cause band displacements, and do not induce dye desorption. The weak interaction 

dye-oxide for ZnO-based solar cells will be discussed in Chapter 7. 

The behaviour of the photocurrent as a function of light intensity is observed to be 

quite sensitive to mass transport limitations. These limitations are due to the viscosity of 

the electrolyte and depend strongly on cell heating. The positive effect of common 

additives in DSCs such as lithium and TBP is confirmed for this combination of 

nanocrystalline ZnO and solvent free electrolytes.  
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7. ZnO-based dye-sensitized solar cells with pure ionic-liquid 

electrolyte and organic sensitizer 

In this Chapter a study of the performance of ZnO-based DSCs sensitized with an 

organic dye in the presence of a pure ionic-liquid electrolyte is presented. Following the 

previous studies about organic sensitizers as alternatives to ruthenium-complex dyes 

and solvent-free electrolytes, the aim of this work was to connect the knowledge 

obtained in the two previous Chapters.  

The use of non-volatile electrolytes in combination with fully organic dyes is a key 

issue in the development of stable dye-sensitized solar cells (DSCs). The combination 

of a solvent-free electrolyte with highly absorptive sensitizers is interesting since the 

poor transport properties and high recombination losses in RTIL-based devices
1,2

 

produce short electron diffusion lengths and require very thin devices. The lower 

surface area can be compensated by using a highly absorbing organic dye. As shown in 

Chapter 5, organic dyes, as e.g. xanthene derivatives, have been successfully used 

since the beginning of DSC development. In the last years, new types of highly 

absorbing, fully organic dyes have been explored with very promising results for TiO2 

and they are now approaching record efficiencies typical of ruthenium dyes
3
.  

Among the wide new varieties of organic dyes tested, some of the most efficient ones 

are those based on indoline derivatives
4
. These dyes have absorption coefficients several 

times higher than the common N719 dye at the maximum of the solar spectrum
5,6

. 

Besides, the colour of the indoline dyes is tunable by changing their orbital system
7
. 

These stimulating features encourage research on these dyes. An impressive 9.5% 

efficiency has been obtained with an indoline dye and an organic electrolyte
8
, which is 

one of the best efficiencies reported for DSCs with an organic dye. The efficiencies are 

also remarkable for solvent free solar cells sensitized with this type of dyes, reaching 

more than 7%
9i
. 

As discussed in Chapter 5, conversion efficiency in ZnO-based DSCs is generally 

limited due to the reaction of acidic dyes with the oxide surface. Indoline derivatives are 

known to be less acidic
10

 than ruthenium complexes and therefore they are not expected 

                                                             
i Cell active area: 0.158 cm

2 
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to react with the ZnO surface and to produce undesirable species that reduce the 

performance of the devices. Only recently, these dyes have been used as sensitizers for 

ZnO solar cells
5,6,11-14

. The group of Yoshida has reported efficiencies of ZnO-based 

solar cells above 5%
15

.  

Due to the especially good performances reported for ZnO with indoline dyes and 

considering that the xanthene derivatives explored in Chapter 5 were totally unstable in 

the presence of ionic liquids, this study has been focused on the performance of an 

indoline derivative coded D149. The D149 dye has an absorption coefficient five times 

higher than the common N719 at the maximum of the solar spectrum. Cheng and 

Hsieh
14

 have obtained 4.95% of efficiency for ZnO solar cells sensitized with this dye. 

The purpose of this study is to analyse the main features of the ZnO/indoline dye/ionic-

liquid electrolyte combination. The electrolytes are based on a combination of 

imidazolium salts studied in Chapter 6. Ionic liquids with dicyanamide anions are 

found to strongly desorb D149 molecules from the surface of ZnO. Therefore, the study 

is based on the combination of PMII with the other two low viscosity ionic liquids 

tested in Chapter 6: 1-ethyl-3-methyl-imidazolium tetracyanoborate (EMIBCN) and 1-

ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl) imide (EMITFSI) (Figure 

6.1). The viscosity of the blends is expected to be much lower than the one of the pure 

ionic liquid electrolyte (Table 6.1). Stability will be a key issue in this context, since it 

may hinder the applicability of organic dyes in ZnO DSCs in combination with an ionic 

liquid. For this reason, the main objective of this study is to analyse carefully the 

chemical interactions between dye, oxide and electrolyte, as well as to highlight the 

drawbacks of this cell configuration. 

7.1.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 7.1 and the 

parameters of the illumination source used for photovoltaic characterization in Table 

7.2. 
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Table 7.1 Summary of the materials employed in the fabrication of the cells. 

ZnO Dyes 

 

Electrolytes 

 

Counter 

electrode 

Degussa VP 

AdNano®ZnO20 

/ 

PI-KEM 

1:1 

Cell area   

0.64 cm
2 

 

D149 

0.5 mM/ 

chenodeoxycholic  

acid 0.7 mM 

tert-butyl alcohol-

acetonitrile (1:1) 

30 minutes 

 

 

Hexachloroplatinic 

acid 

(0.01 M in 

isopropanol) 

 

 

Table 7.2 Illumination set-up used for DSC testing. 

Illumination source Filters Calibration 

Solar Simulator 

ABET 

 

AM 1.5 filter 

Reference solar cell 

(Oriel, 91150) 

100 mW cm
-2

 
Xenon 450W arc 

lamp 

 Water filter  

 325 nm UV 

 KG-5 IR filter 

 

The two electrodes were clamped together to form a sandwich-type open cell40. A 

Bruker IFS 66/S FTIR spectrometer was used to obtain IR spectra of the neat dye and 

the sensitized oxide particles in KBr. For this purpose 0.14 mg of dye were mixed with 

KBr and pressed into pellets. In order to measure the IR spectra of the adsorbed dye, 

part of the oxide film was detached mechanically from the conducting glass substrate 

after the sensitization step. 5 mg of the sensitized ZnO powder was then mixed with 

KBr and pressed. Spectra were obtained by averaging 100 scans at a resolution of 

2.5 cm-1.  

Photocurrents, photovoltages, current-voltage curves and impedance spectra were 

measured using an Autolab/PGSTAT302N station (Ecochemie) coupled with a FRA2 

frequency generator module. The EIS spectra were fitted to the equivalent circuit (b) 

 (A) PMII 

 (B) PMII/EMIBCN 

(2:3 volume fraction) 

 (C) PMII/EMIBCN/ 

EMITFSI  

(2:1:1 volume fraction) 

+ 0.05 M I2 
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(Figure 3.10). The absorption spectrum of the dye adsorbed on the oxide film was 

measured using an integrating sphere coupled to a UV-vis detector (Ocean Optics). The 

amount of dye adsorbed on the semiconductor film was evaluated from the absorbance 

of the solution after dye desorption in alkaline solution (1 mM KOH in ethanol/Mili-Q 

water (50:50) solution).  

7.2.  Sensitization of ZnO films with the indoline dye D149 

In Figure 7.1, the UV-vis absorption spectrum of the D149 dye is shown in solution 

and adsorbed onto the ZnO film. The dye exhibits strong absorption around 530 nm, 

close to the maximum irradiance of the solar spectrum
16

 and it shows a broader 

absorption than the xanthene dyes studied in Chapter 5. Its chemical structure is also 

shown in the figure.  

 

 

 

 

 

 

 

 

Figure 7.1 Red dashed line: UV-vis absorption spectrum of D149 in solution (5.16 10
-3

 mM in tert-

butanol/acetonitrile). Black thick line: D149 adsorbed on ZnO. The inset shows the molecular structure of 

D149.  

The absorbance (A) of the dye adsorbed to the ZnO surface was measured by means of 

an integrating sphere and by analogy with the usual definition of the transmission 

absorbance, it is defined as A = log(R0/R), where R and R0 are the reflectance of the 

sample and the reference, respectively. As observed for xanthene dyes and as reported 

also for indoline dyes
4
, the spectrum gets broadened with respect to the free dye in 

solution. A red shift of the absorption maximum is often found for indoline dyes 
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D149

adsorbed on TiO2, which is usually associated to the formation of aggregates of the 

dye
4,6,16,17

. However, there is no significant shift of the absorption maximum upon 

adsorption of D149 on ZnO and dye aggregation is, therefore, assumed to have only a 

minor effect in this case. This result is somehow expected since chenodeoxycholic acid 

is added to the sensitizing solution. This additive is known to prevent dye aggregation
8
.  

In Figure 7.2 the FT-IR spectra of the pure D149 dye is compared with that of dye-

sensitized ZnO powder. 

 

 

 

 

 

 

 

 

Figure 7.2 FT-IR spectra of pure D149 dye and D149 adsorbed onto ZnO. 

 Upon dye adsorption two peaks at 1700 and 1750 cm
-1

 (attributed to carbonyl groups) 

disappear and a new peak at 1600 cm
-1

 (corresponding to the COO asymmetric 

stretching) is observed. This observation is compatible to bidentate adsorption of the 

dye to the ZnO surface via the carboxylate group
10,18,19

.  

The adsorption process of the D149 dye on ZnO is analyzed in Figure 7.3, where the 

short circuit photocurrent for electrolyte composition A (pure PMII, Table 7.1) under 

white light illumination is plotted versus the immersion time of the ZnO film in the dye 

solution. D149 behaviour is similar to the results obtained for Eosin adsorption onto 

ZnO (Section 5.3). In contrast to ruthenium-based dyes, no deterioration of the current 

at long immersion times is observed. This indicates that there are no undesirable 

chemical reactions
20

 between the dye and the oxide in this case.  
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Figure 7.3 Short circuit photocurrent as a function of immersion time for ZnO cells sensitized with D149 

and electrolyte composition A under white light illumination (Xenon lamp with UV and IR filters). 

Based on the results shown in the plot, a sensitizing time of 30 minutes was utilized 

for the cell fabrication.  

7.3.  Photovoltaic performance  

Photovoltaic parameters of the devices can be found in Table 7.3. The good 

absorption properties of the dye together with the large surface area of the 

semiconductor films lead to short circuit photocurrents between 7 and 10 mA cm
-2 

under simulated solar light conditions (AM 1.5G, 1 sun), with best results obtained for 

the less viscous compositions B and C (Table 7.3). 

Table 7.3. Photovoltaic parameters of solvent-free ZnO-based DSCs under AM 1.5 illumination (100 

mW cm
-2

). Mean values and deviations are derived from independent measurements of several devices 

for each electrolyte composition. 

Electrolyte JSC 

(mA cm
-2

) 

VOC  

(mV) 

FF η  

(%) 

A 7.7 ± 0.5 489 ± 14 0.52 ± 0.04 2.0 ± 0.1 

B 9.1 ± 0.9 505 ± 13 0.55 ± 0.05 2.5 ± 0.4 

C 

 

8.8 ± 1.4 507 ± 16 0.56 ± 0.04 2.5 ± 0.3 

 

Reproducibility of around ±1 mA cm
-2 

is achieved in all cases. In spite of the good 

performance at short circuit the cells show low open circuit photovoltages of around 

480-520 mV. In addition, although an improvement of the fill factors with the decrease 
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of viscosity is observed
21

, they hardly exceed 0.55. The low open circuit voltages and 

low fill factors limit the photoconversion efficiency to 2-3% (2.9% for the best cell). 

The fact that similar performances are obtained for the binary (B) and ternary (C) ionic 

liquid blends indicates that the main factor that causes improved performance with 

respect to pure PMII is the decrease of the viscosity and not the anion structure of the 

ionic liquids. In Figure 7.4 current-voltage curves of the solar cells with best 

performances are presented. 

 

 

 

 

 

 

 

 

Figure 7.4 Best results for the current–voltage curve of solvent-free ZnO solar cells sensitized with D149 

under simulated solar light (AM 1.5G) at 1 sun (100 mW cm
-2

), for the three electrolyte compositions 

considered in this work. 

Based on the analysis of solvent free solar cells carried out in Chapter 6, the origin of 

the low photovoltage observed for cells in Figure 7.4 can be related to several factors. 

The high iodide concentration makes the redox potential of the iodide/triiodide couple 

more positive with respect to organic-based electrolytes, which typically contain much 

lower iodide concentrations
22

. The high viscosity may cause slower regeneration of the 

dye
23

 and stronger recombination
1,21,22

. Finally, the low photovoltage is related to the 

absence of species that produce negative band displacements of the semiconductor 

oxide
24

. The mean value of the photovoltage is slightly improved for electrolytes B and 

C, and this is likely due to a positive displacement of the redox potential of the 

iodide/triiodide redox couple when the concentration of iodide is reduced. According to 

the Nernst equation (Equation 2.16) the shift expected from reducing the concentration 

of iodide would be in the range of 10 mV for a two-electron redox reaction at room 

(B) 

(A) 

(C) 
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temperature. This calculated shift is quite close to the displacements actually observed 

for the photovoltage in the three electrolytes.  

On the other hand, there is a clear correlation between the viscosity of the electrolyte 

and the photocurrent. The impedance spectroscopy study described in the following 

section will cast light on the origin of the different performance for cells with 

electrolytes A, B and C. 

7.4.  Electrochemical impedance spectroscopy studies 

Electrochemical impedance measurements were carried out in the dark at various 

applied voltages. In Figure 7.5 impedance spectra for cells with electrolyte A at 

different applied voltages are shown. The spectra show the characteristic shape of DSCs 

based on ionic liquid electrolytes described in Chapter 6. 

 

 

 

 

 

 

Figure 7.5 Impedance spectra of a ZnO dye solar cell sensitized with D149 and PMII electrolyte at 

different applied potentials in the dark. The dots represent the measured data points and the straight lines 

are the fitting results based on the equivalent circuit (transmission-line) model described in Chapter 3. 

Results for the charge-transfer resistance Rct, the chemical capacitance C and the 

lifetime τ as a function of the applied bias are presented in Figure 7.6. 
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Figure 7.6 Results from impedance measurements in the dark: charge transfer resistance (Rct), chemical 

capacitance (Cμ) and lifetime (τ) for D149-sensitized ZnO solar cells as a function of applied voltage. 

The charge transfer resistance exhibits approximate exponential behaviour within the 

studied range of potentials, with a slight change of slope in the log-lin-representation as 

the potential is increased. This, as mentioned in Chapter 6, can be related to a potential 

drop through the films. This drop is due to series resistance of the cell that becomes of 

the same order of magnitude as the charge transfer resistance. Correction for the 

potential drop produced by the series resistance of the cell permits to refer the measured 

magnitudes to the real voltages applied to the film. However, in this case, in the vicinity 

of the open circuit potential of the cell (0.5V) the charge-transfer  resistance maintains 

the exponential behaviour. This is probably due to the low current running through the 

devices, which makes the voltage drop due to series resistance very small. Similar 

recombination behaviour is found for the three electrolytes. Fitting the experimental 

data to Equation 2.10 (Rct = Rct,0 exp(-βqV/kT)) yields values for the transfer parameter 

close to β = 0.5 for the three studied electrolyte compositions. The chemical capacitance 

Cμ shows also exponential behaviour except at low voltages. Here again, there is a 

change in the slope. Fitting of the experimental data to Equation 2.41 (Cμ= C0 

exp(αV/kT)) yields values close to α ~ 0.1 for the three electrolytes. The meaning and 

implications of these β and α parameters will be discussed in detail in Chapter 9, where 



 

7. ZnO-based DSCs with pure RTIL electrolyte and organic sensitizer 

 

137 

 

a study of the electronic and the recombination properties of ZnO-based solar cells with 

different configurations, including RTIL electrolytes is presented.  

The product of the charge transfer resistance and the chemical capacitance yields the 

electron lifetime at each applied voltage (Equation 3.11 τn = Rct Cμ). These results are 

also shown in Figure 7.6. As expected from the similar capacitance and charge transfer 

resistance, all the samples have approximately the same lifetime at the different applied 

voltages. The value of the lifetime at an applied voltage of 0.55 V is ~ 0.002 seconds, 

which is shorter than lifetimes obtained for ZnO sensitized with D149 and organic 

solvent electrolyte
14

. According to the results presented in Chapter 6, at the same 

applied potential the lifetime for a ZnO solar cell sensitized with N719 and with a pure 

PMII electrolyte is 0.0075 seconds. This difference could be related to the dye, which is 

believed to have a crucial effect on the performance of cells with ionic liquid 

electrolytes
25-28

.   

The much higher viscosity of the pure PMII electrolyte does not lead to a higher 

recombination. In addition, the recombination behaviour is basically the same for the 

three electrolytes studied. This indicates that there are no specific interactions between 

the constituent ions of the three electrolytes and the oxide and that the electrolyte 

composition does not affect the recombination rate. These results explain the different 

behaviour found in Section 6.6 for the sulfonyl- and tetracyanoborate-based ionic 

liquids (EMITFSI and EMIBCN) with respect to the dicyanamide-based one 

(EMIDCN). The fact that the different electrolyte compositions do not modify the 

recombination rate explains why the open-circuit photovoltage varies only by a few 

millivolts (due to the small redox potential shift, as discussed above). 

The diffusion resistance for the transport of triiodide in the electrolyte can be 

extracted from the impedance measurements
1
. The third semicircle accounting for the 

transport in the electrolytes is observed in all the samples in the range of studied 

voltages (results not shown). In Figure 7.7 results for diffusion resistance (RD, extracted 

from the Warburg diffusion impedance Zd described in Chapter 3) for electrolytes A 

and C are presented. 
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Figure 7.7 Diffusion resistance (RD) as a function of applied voltage for the D149-sensitized ZnO solar 

cells with different electrolyte compositions studied in this work. 

The diffusion resistance increases with the applied voltage and as expected, it is larger 

for pure PMII (electrolyte A).  

7.5.  Stability Test 

As mentioned in previous Chapters, DSCs with ionic-liquid-based electrolytes are 

interesting because they do not present evaporation losses and, as a consequence, they 

are considered good candidates for fabricating stable devices. The long term stability of 

the devices studied in this Chapter, was, therefore, tested. The results for a device with 

electrolyte composition A (pure PMII) without any sealing are presented in Figure 7.8.  

 

 

 

 

 

 

 

Figure 7.8 Photocurrent evolution of a D149-sensitized ZnO solar cell with electrolyte composition A 

and without sealing under continuous light soaking using a Xenon lamp with UV and IR filters. The inset 

shows the behaviour at short times. 
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The cell was illuminated with a Xenon lamp coupled to UV and IR filters. It must be 

pointed out that this illumination set-up presents a higher intensity, with respect to AM 

1.5, in the spectral zone where the dye absorbs and it is used here to test the cell at more 

extreme conditions. At short times the photocurrent increases steadily due to the heating 

of the device, which reduces the viscosity of the electrolyte
1
. However, after this initial 

stage, the short circuit photocurrent diminishes in a 6% in three hours of exposition to 

white light. Stability tests with the solar simulator (AM 1.5, 100 mW cm
-2

) exhibit a 

much slower degradation.  

As mentioned in the Introduction, one of the mayor aims of this work is the study of 

the interaction between the dye and the ionic liquid electrolyte. In this context, the 

instability observed in Figure 7.8 could be a consequence of dye desorption in the 

presence of electrolyte, as observed already for other ZnO systems (Chapter 6). To 

elucidate the origin of the photocurrent decay, the interaction dye-electrolyte has been 

analyzed. A D149-sensitized film was left in contact with 50 μl of pure PMII (without 

I2) for 12 hours. The ionic liquid was then diluted in tert-butanol/acetonitrile and an 

UV/vis spectrum of the solution was recorded. On the other hand, the spectrum of pure 

PMII diluted in the same proportion using the same solvents was also recorded. Both 

spectra are shown in Figure 7.9. 

 

 

 

 

 

 

 

 

Figure 7.9 UV-Vis absorption spectra of PMII in tert-butanol/acetonitrile (1:1) (dashed black line) and 

PMII diluted in tert-butanol/acetonitrile (1:1) after contact in the dark with a D149-sensitized ZnO film 

(thin red line). 
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The presence of the characteristic D149 absorption peak at 530 nm in the PMII sample 

that had been brought in contact with the sensitized film reveals that small amounts of 

dye get detached from the ZnO surface in the presence of PMII. Dye desorption was 

studied only in the dark, however, it is expected to be stronger under illumination
29

. 

Therefore, the deterioration of the photocurrent observed in Figure 7.8 is attributed to 

dye desorption. Cell degradation due to dye desorption has been reported before for 

indoline dyes
7
. Kubo et al.

30
 observed desorption of the dye from the surface of TiO2 

during stability tests with ionic liquid electrolytes. In addition, it has been reported that 

a high iodide concentration is detrimental to stability. In line with this, Zhang et al.
31

 

found poor stability with electrolytes containing a high PMII concentration. Bahers et 

al.
32

 also reported on dye desorption for D149-sensitized ZnO cells. 

7.6.  Conclusions 

In this Chapter, the performance of ZnO solvent free solar cells sensitized with the 

organic dye D149 has been analyzed. The good absorption properties of the dye, 

together with the large surface area of the mixture of commercial powders used, leads to 

short-circuit photocurrents between 7 and 10 mA cm
-2 

under AM 1.5G (1 sun) 

conditions, with best results obtained for the less viscous ionic-liquid compositions. The 

maximum energy conversion efficiency achieved was 2.9% at 1 sun.  

The devices yield open circuit photovoltages of 480-520 mV, which is much lower 

than best-performing cells based on organic solvent electrolytes. Impedance data show 

that they have a high recombination rate, similar to other devices based on pure ionic 

liquid electrolytes
1
, and much larger than those characteristic of organic solvent 

electrolytes. The addition of an ionic liquid of lower viscosity is found to improve the 

photocurrent of the cells, but it does not have a major effect on the photovoltage. In fact, 

the recombination rate is similar for the three electrolytes studied. At this point, it is 

worth comparing these new results with the ones previously reported in Chapter 6. In 

that case, N719 was used in combination with the low viscosity ionic-liquid 1-ethyl-3-

methylimidazolium dicyanamide. This ionic liquid was found to reduce the 

recombination rate due to a band displacement, which has been attributed to the 

adsorption of dicyanamide anions to the ZnO surface. When the same ionic liquid is 

employed in combination with the D149 sensitizer, complete desorption of the dye is 

observed. The same is true when using the common additive tert-butylpyridine (TBP). 
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This indicates that species that tend to attach strongly to the oxide surface and that are 

helpful to reduce recombination and, thus, to improve performance, may have 

detrimental effects when the dye-oxide interaction is weak. PMII, the imidazolium salt 

most frequently used in solvent free TiO2 cells, is found to induce desorption of the 

indoline dye from the ZnO surface, hence limiting the long-term stability. Exploration 

of alternative ionic-liquid electrolyte compositions or modification of the ZnO surface 

is, therefore, required for fabricating stable devices based on ZnO films sensitized with 

this organic dye. 
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8. Ordered ZnO nanostructures 

One of the most interesting properties of ZnO is its flexibility in synthesis and 

morphology. Most of the work made for ZnO in DSCs has been devoted to the 

exploration of the performance of a wide range of ZnO nanostructures as photoanodes. 

These nanostructures have exciting transport
1-3

 and optical properties 
4-6

.   Specifically, 

ZnO photoanodes based on vertically aligned nanostructures such as nanowires, 

nanorods and nanotubes are often believed to provide a good conducting path towards 

the external contact, so that electron collection at the photoanode can be enhanced
7,8

 . In 

fact, an increase of the electron lifetime and/or the electron diffusion length with respect 

to nanoparticulate films has been reported
1,3,9,10

 . Photocurrents of up to 4 mA cm-2
 and 

an efficiency of 1.7%
i
 have been reported for nanowires

11
 and an efficiency of 2.3%

ii
 for 

nanotubes with the common N719 and N3 dyes
12

.  In comparison to nanoparticle-based 

DSCs the use of nanowire arrays may result in a significant loss of surface area for 

supporting the dye. This lower surface area is believed to be the main limitation of one-

dimensional (1-D) ZnO nanostructures. 

As it was shown in Chapter 7, organic dyes such as the indoline derivative D149 

have very high extinction coefficients. The enhanced optical absorption can provide a 

way to compensate for the low surface area of vertically aligned nanostructures. The 

sensitization of vertically aligned ZnO nanostructures with this kind of dyes shows 

promising results
13-16

. However, the efficiencies are still much lower than those 

obtained with nanoparticle-based solar cells.  

This Chapter is divided in two main sections. In the first one, a systematic study of the 

optical, electrochemical and photovoltaic properties of DSCs based on ZnO 

nanostructures with two different morphologies (nanoparticles and nanowires) both 

sensitized with the organic dye D149, will be presented. The aim of this study is to 

clarify the reasons for the lower performance of the one-dimensional ordered 

nanostructures with respect to randomly oriented nanoparticles. In the second section, a 

strategy to improve the performance of the ZnO nanowires is proposed: ZnO nanowire 

arrays with nanoparticles spin-coated onto the surface are fabricated and characterized.  

                                                             
i Active surface area of the cell: 0.28 cm

2
 

ii Illumination intensity: 42 mW cm
-2
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8.1.  Comparison between nanoparticulate films and electrodeposited 

nanowire arrays 

The performance of dye sensitized solar cells with two different ZnO photoanodes has 

been explored: (a) randomly oriented nanocrystalline networks and (b) nanowire arrays. 

D149 has been the dye employed, on account of its proved good properties as sensitizer 

for ZnO and its high extinction coefficient. Due to the poor stability of this dye in 

contact with ionic liquid (Chapter 8), this study has been based on organic liquid 

electrolytes.  

8.1.1.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 8.1 and the 

parameters of the illumination source used for photovoltaic characterization in Table 

8.2. 

Table 8.1 Summary of the materials employed in the fabrication of the cells. 

ZnO Dyes Electrolytes 
Counter 

electrode 

Degussa VP 

AdNano®ZnO20/ 

PI-KEM 

1:1 

Cell area:       0.64 

cm
2 

D149 (0.5 mM) 

chenodeoxycholic 

acid (0.7 mM) in 

tert-butyl 

alcohol/acetonitrile 

(1:1) 

30 minutes 

 

 

0.05 mM I2  

 0.5 M TBAI in 

acetonitrile/ 

ethylencarbonate  

(1:4) 

Platisol 

(TEC 8) 
Nanowire arrays 

2.5 μm 

Cell area:        

0.64 cm
2 

D149 (0.5 mM) 

chenodeoxycholic 

acid (0.7 mM) in  

tert-butyl 

alcohol/acetonitrile 

(1:1) 
90 minutes 

Nanowire arrays 

5 μm 

Cell area:        

0.64 cm
2 
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Table 8.2 Illumination set-up used for DSC testing. 

Illumination source Filters Calibration 

Solar Simulator 

ABET 

 

AM 1.5 filter 

Reference solar cell 

(Oriel, 91150) + 

KG5 

100 mW cm
-2

 

 

The fabrication and the optical characterization of the ZnO nanowire arrays were 

carried out by Dr. Ramón Tena and Eneko Azaceta (Department of New Materials, 

CIDETEC, San Sebastián). The nanowires were electrodeposited by the reduction of 

dissolved molecular oxygen in zinc chloride solutions. The electrolyte was a 5·10
-4

 M 

ZnCl2 (>98.0 %), 2 M KCl (>99.5 %) ultrapure aqueous solution, saturated by bubbling 

with oxygen. Two different nanowire lengths were prepared by varying the charge 

density (10 and 20 C cm
-2

). More details about the electrodeposition can be found in 

references [17-19]. The nanoparticle and nanowire array films were deposited on TCO 

substrates previously covered via spray deposition with a thin continuous ZnO layer 

which acts as blocking layer
5
 (Section 4.2). Before sensitization, the nanowire samples 

were immersed in acetone and isopropanol and then annealed at 450ºC for 30 minutes. 

The working and counter electrodes were sealed together with a thermoplastic 

(SX1170-25, Solaronix). 

To adjust the light intensity to 1 sun (100 mW cm
-2

) a calibrated silicon solar cell with 

an IR filter (KG5) has been used. The use of KG5 provides a closer match to the DSC 

spectral response of the reference cell
20

. Electrochemical impedance spectroscopy 

measurements under illumination and intensity modulated spectroscopy were carried 

out using a Solartron 1250 frequency response analyzer (FRA) and a Solartron 1286 

electrochemical interface.  

In Figure 8.1 the SEM micrographs of the samples with nanowire (NW) array (a, b) 

and nanoparticle (NP) network morphology (c, d), are shown. The roughness factor of 

the different samples was determined from krypton adsorption isotherms using the BET 

method. Adsorption isotherms were carried out by Arnost Zukal of the Academy of 

Sciences of the Czech Republic (Prague).  
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Figure 8.1 SEM micrographs of the different ZnO architectures: a) and c) nanowire arrays and b) and d) 

randomly oriented nanoparticle network. 

ZnO nanowires show diameters of around 200 nm. The nanoparticle anodes are 

composed of a random mixture of large (~100-200 nm) and small (20-50 nm) particles 

(Table 8.3).  

Table 8.3 Nanoparticle (NP) and nanowire (NW) diameter, length of the nanowires and thickness of the 

nanoparticle film.  

Sample Diameter (nm) Length/Thickness (μm) 

NWs 2.5 ~ 200 2.5 

     NWs 5 ~ 200 5 

     NPs 20-50 + 100-200 ~8 

 

8.1.2. Optical characterization 

An optical characterization of the different photoanodes has been carried out. In 

Figure 8.2 the total reflectance spectra of the ZnO films before sensitization are shown.  
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Figure 8.2  Total reflectance spectra of glass/SnO2:F/ZnO samples constituted of nanoparticles and 

nanowire arrays (2.5 and 5 m in length). 

Since the total reflectance is related to light scattering
21

 these measurements indicate 

that the nanoparticle substrates produce strong scattering in the visible region. This is 

likely related to the presence of large particles in the ZnO powder, which act as very 

efficient light scattering centres in this wavelength region. In Table 8.4 optical and 

structural parameters of both kinds of nanostructures are summarized.  

Table 8.4 Roughness factor (RF), amount of adsorbed dye, dye coverage, effective absorption in the 370-

700 nm range (AE) for samples with different ZnO morphology and maximum theoretical short circuit 

current density.  

Sample RF Dye adsorbed* 

(mol cm
-2

) 

Dye coverage** 

(cm
-2

) 

AE (%) Jsc,max       

(mA cm
-2

) 

 NWs (2.5 μm) 20 3.27 10
-9

 9.8 10
13

 48.9 9.6 

  NWs (5 μm) 50 5.62 10
-9

 6.8 10
13

 57. 3 11.3 

  NPs 300 3.52 10
-8

 7.1 10
13

 69.3 13.6  

*Refers to the projected area. ** Refers to the total surface area. 

The roughness factor (RF) is defined as the physical surface area of the ZnO film 

divided by its projected area. The amount of dye adsorbed on the films is defined with 

respect to the projected area. The dye coverage is defined with respect to the total 

surface area taking into account the roughness factor of the different samples. The 

effective absorption (AE) is the ratio between the amount of absorbed photons and the 

amount of incident photons (AM 1.5) and is defined as 
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                                                       .   

where A is the absorptance, I0 is the standard (AM 1.5) solar flux, and λ1 and λ2 are 370 

and 700 nm respectively. Table 8.4 also includes an estimation of the maximum 

photocurrent (assuming 100% quantum yield of charge injection and 100% charge 

collection efficiency) that can be obtained from the devices under AM 1.5 illumination. 

As expected, the surface area is larger for the nanoparticle films than for the 

nanowires (by a factor of 6 and 15 for the longer and shorter nanowires respectively). 

This increment in the roughness factor of the nanoparticles with respect to the 

nanowires is nicely correlated with the amount of dye adsorbed on the films. Hence, the 

nanoparticles are found to load approximately six times more dye than the longer 

nanowires. In Figure 8.3 examples of a sensitized ZnO nanoparticle film and a 

sensitized nanowire film  5 μm  are shown. 

 

 

 

 

 

 

 

Figure 8.3 Sensitized ZnO films: (a) nanoparticles and (b) 5 μm length nanowires.  

The results for dye coverage are similar for the three kinds of anodes, and close to the 

theoretical values for monolayer coverage (either monodentate or bidentate) of D149 on 

TiO2 electrodes
22

. In Chapter 7 it was already pointed out that aggregation seems to 

have only a marginal effect in ZnO films sensitized with D149. The results for dye 

coverage suggest, furthermore, that the dye molecules form basically a monolayer on 

the oxide surface. 

The effective absorption (AE) of the samples in the range from 370 to 700 shows that 

the arrays constituted of nanowires with a length of 5 μm collect light in this 

wavelength range by a fraction close to 57%, which is slightly smaller than the fraction 

(a) (b) 
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absorbed by the nanoparticle film (69%). As the nanoparticle network samples 

exhibited the strongest scattering for visible light (Figure 8.2), the ratio between the 

effective absorption and the amount of loaded dye is larger for nanoparticle-based 

anodes than for the nanowire arrays. The transmission of the sensitized nanoparticle 

network is negligible for wavelengths lower than 600 nm, although 100% absorption is 

not reached mainly due to reflectance losses
19

. The theoretical maximum photocurrent 

predicted for the sensitized nanowire arrays (> 11.0 mA cm
-2

) is comparable to that 

estimated for nanoparticles (13.6 mA cm
-2

). 

The absorptance spectra of the sensitized electrodes and the optical density of 

solutions containing the desorbed dye are presented in Figure 8.4. The characteristic 

absorption of the D149 dye near 550 nm is clearly seen in all cases. 

 

 

 

 

 

 

 

 

Figure 8.4 Absorptance spectra of glass/SnO2:F/ZnO/D149 samples (left y-axis) and optical density 

(absorbance) of solutions containing the desorbed dye (right y-axis). 

Again a broadening of the dye spectrum can be observed when adsorbed on the ZnO 

films with respect to the spectrum in solution. It is worth mentioning that the 

nanoparticle-based samples, which exhibit a stronger scattering of the visible light, 

show a broader absorption. This could be an indication that the light scattering effects 

may also contribute to the absorption broadening.  

 The optical characterization suggests that the sensitized nanowire arrays show a 

significant light harvesting capability when compared with the nanoparticle films.  
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8.1.3.  Photovoltaic performance and IPCE measurements 

The good light harvesting properties of the ZnO photoanodes sensitized with the D149 

dye should be correlated with the photovoltaic performance. In Table 8.5 the 

photovoltaic parameters of the DSCs based on the different ZnO architectures are 

summarized.  

Table 8.5: Photovoltaic parameters of the ZnO DSCs under simulated light (100 mW cm
-2

).  

Sample JSC (mA cm
-2

) VOC (V) FF Efficiency (%) 

NWs (2.5 μm) 3.35 0.502 0.34 0.56 

NWs (5 μm) 4.25 0.554 0.37 0.88 

NPs 9.65 0.635 0.45 2.73 

 

The nanoparticle-based solar cell gives an efficiency of 2.73%, whereas the nanowires 

lead to efficiencies of 0.88% and 0.56% for the long and the short nanowires 

respectively. These values are larger than recent literature data
15

 for D149-sensitized 

nanowires of similar length, although they lie below recent results for nanowires 

deposited on a ZnO nanoparticle layer with the D102 indoline dye
16

. The photovoltages 

of the devices are found to increase with surface area. This means that the long 

nanowires lead to a larger value of Voc probably due to the larger dye loading and higher 

electron injection. This is in contrast with previous results for solar cells constructed 

with vertically aligned ZnO nanostructures
23

. An example of current-voltage curves of 

the different kind of samples under standard (1 sun) AM 1.5 illumination can be found 

in Figure 8.5.  
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Figure 8.5 Photocurrent–voltage curves of ZnO solar cells sensitized with D149 under simulated solar 

light (AM 1.5G) at 1 sun (100 mW cm
-2

), for the nanostructures considered in this work. 

Fill factors are low, especially for nanowire samples. Low fill factors are usually 

found in ZnO ordered nanostructures
24,25

. In Figure 8.6 the Incident photon-to-current 

efficiency (IPCE) of the different solar cells is shown.  

400 500 600 700
0

20

40

60

80

100

 NPs

 NWs 2.5m

 NWs 5 m

IP
C

E
 /

 %

wavelength/ nm

 

 

 

Figure 8.6 Incident-photon-to-current-efficiency (IPCE) of the studied samples 

The nanowires exhibit a maximum IPCE close to a 30%, almost half of the maximum 

value encountered for the nanoparticles. As expected, this is the same reduction factor 

that it is found when comparing the photocurrents of both kinds of nanostructures 
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(Table 8.5). The quantum efficiency curves are broadened with respect to the spectrum 

of the isolated dye, as already observed in Figure 8.4 for the spectrum of the adsorbed 

dye. 

By comparing the measured photocurrent at short circuit (Jsc) with the maximum 

values estimated from the absorptance spectra (Jsc,max, Table 8.4), it is found that the 

experimental values are ~70% and ~35% of the predicted maximum values for the 

nanoparticle and nanowire arrays, respectively. In addition, the photocurrent loss shown 

by the nanowires arrays does not depend on the length of the nanowire. Therefore, the 

good light harvesting properties observed for nanowires are not correlated with a good 

photovoltaic performance for this type of nanostructures.  If the same electron injection 

quantum yield for nanoparticles and nanowires is assumed (as it might be expected for 

the same dye/oxide combination), the relative ratios obtained for nanowire arrays would 

indicate that recombination losses are larger for this architecture. The electronic and 

recombination behaviour of both nanostructures will be treated in detail in following 

sections. 

8.1.4.  Light intensity dependence of the open circuit voltage 

The semilogarithmic plots in Figure 8.7 compare the intensity dependence of the open 

circuit voltage for the different samples. The results indicate that for the two kinds of 

nanostructures, Voc depends linearly on the logarithm of light intensity. The slopes of the 

plots are 37 mV for nanoparticle-based solar cells and 63 mV and 56 mV for nanowires 

2.5 and 5 microns in length respectively. All these slopes depart from the ideal-diode 

value of 26 mV. Departure from ideal behaviour can be due to non-linear 

recombination
26,27

, possibly produced by strong influence of recombination via surface 

localized states, in the ZnO anodes. 
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Figure 8.7 Open-circuit voltage as a function of light intensity for cells with nanoparticles and nanowires. 

The present results seem thus to indicate that the nanowires exhibit a relatively high 

density of surface states. This possibility is supported by the fact that the slope in the Voc 

versus light plot is reduced when the nanowires are annealed at higher temperature 

(Appendix 11.6), as annealing is known to have a significant effect on the mean free 

carrier density of ZnO nanowires
28

.  

8.1.5. Open circuit voltage decay 

Open circuit voltage decays of the different samples have been measured. In Figure 

8.8 the voltage transients are shown on a logarithmic time scale for nanoparticles and 

nanowires of 5 μm length. Voltage decays are useful to extract electron lifetimes
29,30 

(Section 3.5)  provided that there is no significant contribution of back-reaction through 

the substrate
31,32

. Electron leakages from the conducting glass substrate or any compact 

layers deposited on it produce abnormally rapid decays, especially at longer times.  
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Figure 8.8. Open-circuit voltage decays for D149-sensitized solar cells with ZnO nanoparticles and  

nanowires of 5 m length.  

In Figure 8.8 a very different shape is obtained for nanoparticles and nanowires. As a 

matter of fact the rapid voltage decay in the case of the nanowires strongly suggests that 

there may be a significant loss of electrons via the substrate
31

, the substrate being in this 

case the sprayed ZnO thin layer used as blocking layer in the nanoparticle-based solar 

cells and as buffer layer for growing the 1-D nanostructures in the nanowire array solar 

cells. There is an apparent failure of this thin blocking layer in the nanowire-based solar 

cells. Two plausible explanations are found for this fact. On the one hand, it could be 

connected to the n-type doping typically produced in electrodeposition methods in the 

presence of chloride
28,33

. On the other hand, the thin ZnO layer could undergo etching 

during the electrodeposition of the nanowires
34

 leaving the FTO unprotected. To cast 

light into this fact, a study of the effect of electrodeposition on the degradation of the 

thin continuous ZnO layer has been carried out. In fact, it is found that electrodeposition 

can cause the degradation of the buffer layer, but this deterioration depends strongly on 

deposition conditions. Results can be found in the Appendix 11.7. 

It should be noted that sub-linear recombination can also produce a rapid decay, as 

can be derived from the numerical solution of the continuity equation at open circuit for 

non-linear kinetics
35

. However, in contrast to the nanoparticles, it was not possible to fit 

the decays for the nanowires without inclusion of a term accounting for back-reaction 

through substrate (see Ref [19]). 
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8.1.6.  Electrochemical impedance spectroscopy studies  

To gain further insight into the functioning of the devices they have been 

characterized by electrochemical impedance spectroscopy under illumination. In Figure 

8.9 spectra of a nanoparticle sample and a nanowire sample (nanowire length: 5 µm) are 

shown.  

 

 

 

 

 

 

 

Figure 8.9. Impedance spectra under illumination and at Voc = 0.520 V and 0.525 mV of nanoparticle and 

nanowire ZnO dye solar cells sensitized with D149.   

As mentioned in Chapter 7, the transmission-line feature attributed to electron 

transport in the semiconductor oxide (Section 4.7.1) cannot be observed in DSCs based 

on ZnO nanoparticles. In Figure 8.9 (inset) it can be seen, furthermore, that this feature 

is absent in the case of ZnO nanowire films as well. This is somehow expected, as in 

nanowires the transport is reported to be faster than in nanoparticles, mainly due to the 

lack of grain boundaries, which could slow down electron transport
1
. Hence it was not 

possible to extract reliable transport resistance values from the equivalent circuit fittings 

and the impedance study was limited to the analysis of the recombination behaviour of 

both the nanoparticle and the nanowire-based solar cells.  

In Figure 8.10 the capacitance (Cμ) and the charge transfer resistance (Rct) are plotted 

as a function of voltage for both kinds of nanostructures. Capacitance values are plotted 

with respect to the total projected area. 
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Figure 8.10 Impedance parameters as determined from measurements under illumination: charge transfer 

resistance (a) and capacitance normalized by the geometrical area for D149-sensitized solar cells with 

ZnO nanoparticles (b) and  nanowires of 5 m length (c). 

Both parameters show the exponential behaviour found typically in dye-sensitized 

solar cells. From the experimental slopes a smaller transfer parameter (β) (Equation 

2.10 Rct = Rct,0 exp(-βqV/kT)) is found for the nanowires. This can be related
26,36

 to the 

lower fill factors encountered for the nanowires (Table 8.5) and is connected to the 

higher non-ideality observed in Figure 8.7. In general, the smaller charge transfer 

resistance found for nanowire-based solar cells implies that the open circuit potential 

will be reduced for these devices. This holds for both nanowire lengths, with lower 

photovoltage and lower charge-transfer resistance found for the short nanowires. 

However, additional effects can be occurring in this case, as discussed below. 

The capacitances plotted in Figure 8.10b and Figure 8.10c show a clear exponential 

behaviour. However, the weak dependence on the voltage we already observed for 

nanoparticles ZnO solar cells (Section 7.4), is also found for nanowires. A similar 

behaviour has been already reported for 1-dimensional ZnO nanostructures
9,37,38

. The 

interpretation of this feature is not straightforward and would require a careful 
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consideration of the degree of doping
39,40

  and the formation of a depletion layer on the 

surface, especially for the nanowires. The chemical origin of the capacitance can be 

argued. As discussed in Refs. [2]
 
and

 
[38] the formation of a depletion layer in ZnO 

nanowires produces a very flat dependence of the capacitance with respect to voltage. 

The magnitude of this effect depends on the donor density in the oxide. If the depletion 

mechanism is taking place in the ZnO nanowires, then the capacitance extracted from 

EIS is not "chemical" so that lifetimes cannot be evaluated from the impedance 

measurements
41

. On the other hand it was assumed that the contribution of the 

capacitance of the ZnO blocking layer was negligible (see Ref [19]).   

8.1.7. Comparison of different methods to obtain the electron lifetime 

The likely influence of space-charge effects (not "chemical") in the capacitance and 

the contribution of back-reaction through the substrate in the nanowire samples 

complicate the extraction of electron lifetimes from EIS and OCVD techniques, 

respectively. To evaluate these effects, in Figure 8.11 the lifetimes extracted from EIS 

and from OCVD (Sections 3.6.1 and 3.5 respectively) are compared. 

It can be observed that there is good agreement between the lifetimes extracted from 

both experimental techniques for the nanoparticle-based solar cells. On the contrary, the 

nanowire array solar cells yield quite different results, especially at low voltages. This 

analysis indicates that in the case of the nanoparticle-based solar cells, the measured 

lifetimes quantify properly the kinetics of the recombination reaction and that the 

measured capacitance is a true chemical capacitance. In contrast, the determination of 

the lifetimes in the case of the nanowires is subject to error due to the afore-mentioned 

effects. 

 

 

 

 

 

 

 

 



 

8. Ordered ZnO nanostructures 

 

161 
 

 

 

 

 

 

 

 

 

 

 

Figure 8.11 Electron lifetimes for D149-sensitized solar cells with ZnO nanoparticles and  nanowires of 

5 m length as obtained from open circuit voltage decay experiments and impedance spectroscopy under 

illumination. 

In spite of the uncertainty in the determination of the electron lifetimes in the case of 

the nanowire-based solar cells, the present results suggest that recombination is indeed 

more rapid for nanowires and explain why photocurrents are small, in spite of the good 

light harvesting properties of the sensitized films. It must be borne in mind that shunting 

through the substrate does not occur at short circuit, so that this cannot be a loss 

mechanism for the short circuit photocurrent. In addition, space-charge effects in 

nanowires are more important at low voltages and might not affect the measurement of 

the lifetime near the open-circuit potential (where a clear exponential behaviour of the 

capacitance is observed, analogous to that of the nanoparticle-based solar cells). 

8.2.  ZnO nanowire/nanoparticle (NW-NP) composite solar cells 

In this section, a study of dye-sensitized solar cells based on electrodeposited ZnO 

nanowires (NWs) coated by ZnO nanoparticles (NPs) is presented.   

Several studies have tried to increase the performance of one-dimensional 

nanostructures by combining them with nanoparticles
42

 or with hierarchical structures
4

 . 

Baxter et al.
43

 first hybridized ZnO NWs and ZnO NPs with the aim of improving the 

surface area without sacrificing good electron transport properties of the nanowires. 

ZnO nanowire arrays act as direct pathways for fast electron transport and the 

nanoparticles dispersed between them provide a high specific surface area for dye 

adsorption
44

. The ZnO nanowires are usually covered by TiO2 nanoparticles
45

 or by 
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ZnO nanoparticles
43

, which can be deposited by several methods, for instance chemical 

bath deposition
46

 or spin coating
42

. Usually the efficiency of ZnO NW /NP composite 

DSCs is significantly higher than the efficiency of cells based on ZnO NWs
42,43,47. This 

improvement is mainly ascribed to a higher photocurrent as a consequence of an 

enhanced light harvesting 
46

.  

On the other hand, core-shell nanostructures are applied to electrodes in DSCs to 

reduce the recombination rate at the electrode/electrolyte interface
24

. Usually, core-shell 

nanoparticle electrodes are formed by the combination of two different oxides
48

. This 

combination can affect the electrode properties by different mechanisms. The core shell 

electrodes can slow down the recombination processes by the formation of an energy 

barrier at the oxide surface based on the different conduction band potential of the shell 

with respect to the core
24,49,50

. On the other hand, the shell material can shift the 

conduction band potential of the core, increasing the open circuit photovoltage while 

reducing the short circuit photocurrent compared to the non-coated oxide electrode
51

. 

According to this last approach, the coating forms a dipole layer at the 

electrode/electrolyte interface which shifts the electrode band potentials depending on 

the dipole intensity and direction. The dipole layer is attributed to either the different 

electron affinity or different acidity of the two semiconductors
52

. ZnO is often used as 

the shell in core-shell nanoparticle structures
53

. 

In the study described in Section 8.1, it was found that the main limitation for the one-

dimensional electrodeposited nanostructures in combination with a highly absorbing 

dye is high recombination rather than low surface area. According to these observations, 

surface modification may constitute an appropriate strategy for improving the 

performance of one-dimensional nanostructures in dye solar cells by controlling 

recombination. For this purpose, solar cells based on ZnO nanowires coated by ZnO 

nanoparticles have been fabricated and characterized. The aim of coating the surface of 

the nanowires is the same as in conventional core-shell structures: the minimization of 

the recombination with the electrolyte. However, neither of the two processes 

explaining the improvement in core-shell structures based on two different oxides is 

expected as ZnO is used both for the core and for the shell. A high concentration of 

surface states on the nanowires, which could be a result of the specific deposition 

method, was considered as a possible reason for the high recombination. In this case, 
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the surface modification aims at the removal of surface states as a consequence of the 

coating. 

8.2.1.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 8.6, and 

the parameters of the illumination source used for photovoltaic characterization in 

Table 8.7. 

Table 8.6 Summary of the materials employed in the fabrication of the cells 

ZnO Dyes Electrolytes 
Counter 

electrode 

Nanowire arrays 

2.5 μm 

 (Blocking 

layers)/ 

Spin coated 

Nanoparticles 

Cell area: 

0.64 cm
2 

D149 (0.5 mM) 

chenodeoxycholic 

acid (0.7 mM) in 

tert-butyl alcohol/ 

acetonitrile (1:1) 
20 minutes 

 

0.05 mM I2  

 0.5 M TBAI in 

acetonitrile/ 

ethylencarbonate  

(1:4) 

Platisol 

(TEC 8) 

 

Table 8.7 Illumination set-up used for DSC testing. 

Illumination source Filters Calibration 

Solar Simulator 

ABET 

 

AM 1.5 filter 

Reference solar cell 

(Oriel, 91150) 

100 mW cm
-2

 

 

The nanowires were electrodeposited as explained in Section 8.1.1 and their 

approximate length was ~ 2.5 μm. The samples were immersed in acetone and 

isopropanol and then annealed to 450 ºC for 30 minutes. To prepare a ZnO colloidal 

suspension 0.11 g of zinc acetate dehydrate was dissolved in 50 mL of methanol under 

vigorous stirring at 60º C. Subsequently, a 0.03 M solution of KOH (25 mL) in 

methanol was added dropwise at 60ºC. The reaction mixture was stirred for 2 h at 

60ºC
54

. The obtained colloidal suspension was spin-coated at 2000 rpm for 30 s on the 

nanowire substrates.  The ZnO deposition process was followed by annealing at 100ºC 

in air for 5 minutes. Three different kinds of nanowire samples were studied: (a) 
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reference samples with no nanoparticle deposition, and samples (b) and (c) with 10 and 

30 cycles of nanoparticle deposition, respectively. Before immersion in the dye 

solution, the samples were washed again with acetone and isopropanol. 

  In this case, no KG5 infrared filter
20

 was used to calibrate the solar simulator. Light 

intensity dependence of the open circuit voltage was measured using a xenon arc lamp 

coupled to an UV filter and a KG5 infrared filter. Neutral density filters were used to 

adjust the illumination intensity. Electrochemical impedance spectroscopy 

measurements were carried out in the dark at different applied voltages.  For open 

circuit voltage decay measurements the initial illumination was provided by the solar 

simulator. 

8.2.2.  Photovoltaic performance 

In Figure 8.12 the IV characteristics for DSCs fabricated using D149-sensitized  ZnO 

NWs and hybrid NW-NP ZnO with 10 and 30 nanoparticle deposition cycles are shown. 

The photovoltaic parameters are summarized in Table 8.6. Two cells of each 

configuration were characterized. 

 

 

 

 

 

 

 

 

 

 

Figure 8.12 IV curves for the three different configurations. 
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Table 8.6: Photovoltaic parameters of the ZnO DSCs under simulated white light (100 mW cm
-2

).  

Cell Cycles Jsc (mA cm
-2

) Voc ( V) FF Efficiency (%) 

1 - 2.01 0.51 0.34 0.4 

2 - 1.76 0.48 0.34 0.3 

3 10 2.12 0.60 0.43 0.6 

4 10 2.54 0.61 0.31 0.5 

5 30 2.10 0.66 0.52 0.7 

6 30 3.32 650 0.41 0.9 

 

As expected, an improvement of the photocurrent after nanoparticle deposition on the 

nanowires is observed, either as a consequence of the higher surface area or of a 

descrease in the recombination rate. However, although there is indeed an improvement, 

it is not as high as expected according to previous results in literature for composite 

NW-NP cells
42,47

. In fact, a preliminary study of the absorption properties of nanowires 

and NWs-NPs films indicates that absorption is not greatly improved by the deposition 

of the nanoparticles. 

As highlighted in Section 8.1, the use of a highly absorbing dye (as e.g. D149) can 

compensate for the low dye loading typically observed for nanowire films with low 

surface areas. The improvement of the photocurrent upon nanoparticle deposition 

(Table 8.6) could be associated, therefore, to a decrease of the recombination in the 

NW-NP samples, rather than to the increase of the surface area.  This hypothesis is 

supported by the fact that the photovoltage improves significantly with increasing 

numbers of deposition cycles. Concretely, the photovoltage increases by more than 100 

mV after 30 deposition cycles. In addition, the fill factor also improves upon NP 

deposition. This improvement can also be related to a decrease of the recombination rate 

and is usually observed in hybrid NW-NP cells
43

. 

8.2.3.  Recombination losses in ZnO NW-NP composite cells  

In Figure 8.13 the electron lifetime is represented as a function of voltage for each 

configuration. This parameter was extracted from open circuit voltage decay 

measurements using in each case the cell with the highest open circuit voltage.   
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Figure 8.13 Electron lifetime as extracted from open circuit voltage decays. For each configuration the 

cell with the highest open circuit voltage is plotted.  

It is observed that the lifetime increases with the number of deposition cycles. In 

addition, the open circuit voltage decay profiles show that no significant recombination 

through the substrate is taking place in any of the spin coated samples. This could be 

related to the coverage of initially uncovered areas of the FTO substrate by nanoparticle 

deposition. The recombination properties of the different samples were also analyzed by 

electrochemical impedance spectroscopy measurements.  In Figure 8.14, the charge 

transfer resistance is represented as a function of the applied voltage for each 

configuration. 

 

 

 

 

 

 

 

 

 

Figure 8.14. Charge transfer resistance versus applied potential for different configurations. 
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In line with the previous observation, significantly higher values of the charge 

recombination resistance can be observed after nanoparticle deposition.  

8.3.  Conclusions  

In contrast to previous reports, it was found that vertically aligned ZnO nanowire 

arrays sensitized with highly absorbing dyes can reach good solar light harvesting. In 

spite of the lower surface area, effective absorption values for nanowire array films are 

close to those of nanoparticle-based films. However the photocurrents of the nanowire-

based cells are much smaller than expected from the good light absorption. This 

suggests that either poor injection and/or strong recombination are responsible for the 

limited performance of the nanowire arrays, rather than a low surface area. Regarding 

recombination, impedance spectroscopy and open-circuit voltage decays yield shorter 

lifetimes for nanowires. However the weak voltage dependence of the capacitance and 

the lifetime may be related to space-charge effects within the nanowires and with 

electron losses from the substrate, respectively, hence complicating the experimental 

extraction of the lifetimes. On the other hand, differences in injection yield for the two 

kinds of nanostructure cannot be completely ruled out since the different synthetic 

procedures can lead to a different chemical structure of the ZnO surface. 

Lower efficiencies than reported in bibliography
1,9,10

 have been achieved with the 

nanowire samples fabricated in this study. However, it is worth mentioning that in those 

references the ZnO nanostructures were deposited by vapour phase techniques, which 

might induce an improvement of the ZnO electronic performance. It must not be 

forgotten that the nanostructures analyzed here (NPs and NWs) are fabricated by 

different methods. The nanowires were electrodeposited in aqueous media. On the 

contrary, the commercial powders are synthesized in the gas phase.  Therefore, the 

density of surface states is expected to be lower for nanoparticles with respect 

nanowires. This fact might complicate the comparison. A recent paper by Guerin et al.
54

 

reports, in agreement with our results, a shorter lifetime for electrodeposited ZnO 

mesoporours films with respect to nanoparticle films prepared by the doctor-blade 

method. This confirms the key contribution of the preparation method on device 

performance. 
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The failure of the thin blocking layer in the nanowire-based solar cells has been 

related to undesired etching during the electrodeposition of the nanowires leaving parts 

of the FTO substrate unprotected. Therefore, strategies should be applied to minimize 

recombination as well as electron losses from the substrate. 

Nanoparticle deposition on the surface of the nanowires by spin-coating decreases the 

electron recombination. As a consequence, the photovoltage is greatly improved with 

respect to bare nanowire samples. In addition, nanoparticle deposition also improves the 

fill factor of the fabricated cells.  

This work provides a significant new insight into the relatively low efficiencies 

usually obtained in dye-sensitized solar cells based on ZnO nanowires. Furthermore, we 

present a strategy to improve the performance of this type of cells by surface 

modification with nanoparticles, which is found to reduce recombination. Besides, 

further research is required to establish whether poor injection is also contributing to the 

low performance of the nanowire-based solar cells. 
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9.  Electron transport and recombination in ZnO dye-sensitized solar 

cells 

The work described in the previous Chapters has been devoted to the study of several 

ZnO-based DSC systems. Different dyes, electrolytes and ZnO nanostructures have 

been tested. Taking advantage of the experience gained thanks to these studies, different 

cell configurations have been fabricated to perform a comprehensive study of the 

electron transport and recombination in ZnO DSCs.  

The performance of ZnO-based dye-sensitized solar cells was studied for three 

different configurations involving two dyes and two types of electrolytes with the 

iodide/triiodide couple as redox mediator: ZnO/N719/organic-solvent-electrolyte (C1), 

ZnO/D149/organic-solvent-electrolyte (C2) and ZnO/N719/ionic-liquid-electrolyte 

(C3). No combination of D149 dye and ionic-liquid-based electrolyte was considered 

due to the instability described in Chapter 7. 

In comparison to TiO2, very few studies of the electronic behaviour have been carried 

out on dye-sensitized nanostructured ZnO solar cells
1-4

. The aim of the present study is 

to get further insight into the behaviour of ZnO-based solar cells, paying special 

attention to its recombination and transport properties and trying to elucidate if the same 

theories and approximations formulated for TiO2 can be applied to ZnO. Furthermore, it 

is aimed to find the factors, which determine the lower performance of ZnO-based solar 

cells so that strategies for improvement can be formulated. In this regard, different dyes 

and electrolytes have been tested in order to check if general characteristics can be 

found that only depend on the intrinsic properties of the semiconductor oxide, but not 

on the other components of the cell. As different experimental techniques have been 

used, the results must be analyzed carefully. To make an accurate comparison, the cells 

must be tested under similar working conditions. In some cases this is simply achieved 

by setting a similar experimental condition. In other cases, it is necessary to make 

appropriate corrections (concerning e.g. band shifts or the position of the Fermi level) 

when analyzing the data. In this regard, special care has been taken when comparing the 

different samples analyzed in this study. 
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9.1.  Fabrication and characterization of the devices 

The materials used for the fabrication of the cells are summarized in Table 9.1 and the 

parameters of the illumination source used for photovoltaic characterization in Table 

9.2. 

Table 9.1 Summary of the materials employed in the fabrication of the cells.  

ZnO 
 

Dyes Electrolytes 
Counter 

electrode 

Evonik 

AdNano 

ZnO20 

/ 

PI-KEM 

1:1 

Cell area: 

0.64 cm
2
 

 

C1 
0.5 mM N719 

(1 hour) 

0.5M LiI/ 0.05M I2/  

 0.5 M TBP in 

3-methoxypropionitrile 

Platisol 

(TEC 8) 

 
C2 

D149 (0.5 mM) 

chenodeoxycholic 

acid (0.7 mM) in 

tert-butyl 

alcohol/acetonitrile 

(1:1) 

(30 minutes) 

 

0.05 mM I2 

0.5 M TBAI in 

acetonitrile/ 

ethylencarbonate 

(1:4) 

C3 
0.5 mM N719 

(1 hour) 

0.05M I2 in 

TCNB/PMIMI  

(35:65 vv) 

 

Table 9.2 Illumination set-up used for DSC testing. 

Illumination source Filters Calibration 

 

 

Xenon Lamp 

 

 

AM 1.5 filter 

Reference solar cell 

(Oriel, 91150) 

+ 

KG5 

(100 mW cm
-2

) 

 

The nanoparticle films were deposited on TCO substrates previously covered via 

spray deposition with a thin continuous ZnO layer which acts as blocking layer
5
 

(Section 4.2). Photoanodes and counter electrodes were sealed together in a sandwich 

configuration using a hot-melt polymer (SX1170-25, Solaronix 25 μm, Solaronix). 

Electrochemical impedance spectroscopy measurements under illumination at open 

circuit and intensity-modulated spectroscopy were carried out using a Solartron 1250 

frequency response analyzer (FRA) and a Solartron 1286 electrochemical interface. EIS 

spectra were fitted to equivalent circuit (a) (Section 3.6.1).   
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9.2.  Photovoltaic performance  

Figure 9.1 shows the current-voltage characteristics (AM 1.5) for one representative 

cell of each configuration. C2 exhibits the highest photocurrent, due to the large 

absorption coefficient of the D149 dye compared to N719
5
. In C2 and C3, the same dye 

(N719) is employed, but for C3 an electrolyte with a higher viscosity is used. The fill 

factors and the efficiencies obtained for each cell are also shown in the figure. 

  

 

 

 

 

 

 

 

 

 

Figure 9.1 Representative IV curves for the different configurations analyzed. Fill factors and efficiencies 

are also shown in the graph. 

As analyzed in Chapters 6 and 7, diffusion limitations are usually observed in cells 

containing pure ionic liquid electrolytes
6
. Therefore, a lower photocurrent was expected 

for C3 with respect to C1. However, both types of cells exhibit a similar photocurrent, 

which seems to indicate that slow diffusion in the electrolyte is not a significant limiting 

factor in C3. This is in agreement with the results discussed in Section 6.4, where it was 

observed that photocurrent limitations for a pure PMII electrolyte do not have a major 

effect at photocurrent densities below 7 mA cm
-2

 (Figure 6.10). 

 The highest value of the open circuit voltage is found for cells of configuration C1. 

This was expected due the presence of tert-butylpyridine (TBP) in the electrolyte (see 

Section 6.5). C2 exhibits similar photovoltage although TBP is not used in the 

electrolyte. This could be due to a higher injection, and to the use of TBAI instead of 

LiI. TBA
+
 is known to have a positive effect on the photovoltage due to the screening of 

conduction band electrons from recombination with the triiodide
7,8

. On the other hand, 

the configuration with pure ionic-liquid-based electrolyte (C3) gives the lowest open 
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circuit voltage, which is also in agreement with previous observations described in 

Chapters 6 and 7. Fill factors are low, especially for the cell with the highest 

photocurrent. It must be pointed out that even the most efficient ZnO-based solar cell 

obtained up to now (reported by Saito and Fujihara in 2008
9
) shows a fill factor of only 

0.58. Quintana et al.
1
, when comparing TiO2 and ZnO-based cells with similar 

characteristics (same particle size, same electrolyte, same dye) found that ZnO cells 

have considerably lower fill factors (0.49) than TiO2 cells (0.69). The best performing 

cell, as a consequence of its high photocurrent, corresponds to configuration C2. The 

incident photon-to-current efficiencies, IPCE (Appendix 11.8) are around 70% for C1, 

and 30% for C1 and C2 at the maximum of the dye absorption.  

9.3.  Light intensity dependence of the open circuit voltage 

The semilogarithmic plots in Figure 9.2 show the light intensity (I0) dependence of 

the open circuit voltage Voc for the different configurations. 

 

 

 

 

 

 

 

 

 

 

Figure 9.2 Light intensity dependence of the open circuit voltage. Slopes are indicated in the graph. 

For all of the samples Voc depends linearly on the logarithm of the light intensity 

(Equation 2.21) and the slopes lie close to 37 mV.  All configurations are found to 

depart from ideal-diode behaviour, with non-ideality factors higher than 1 (Table 9.3 

and Figure 9.2). 
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Table 9.3 Slopes, ideality factors (m) and reaction orders (β) obtained from the open circuit voltage plots 

for the three configurations. 

 

 

 

 

As described in Chapter 2, dye-sensitized solar cells usually behave non-ideally
10

, 

although the origin of this non-ideality is not well understood yet. Frequently, this 

phenomenon is attributed to recombination via surface states
11

. The definition of 

sublinear recombination kinetics with a reaction order (β) lower than one take into account 

this non-ideality10,12. A high non-ideality is also observed for the ZnO DSCs studied here. 

Most TiO2 solar cells, including high efficiency cells, are also non-ideal in response, 

exhibiting slopes between 30 and 40 mV13 or even more than 50 mV14 in the Voc versus 

ln(I0) plots. Recently, Jennings et al.15 have reported an ideal slope for TiO2 cells in the 

presence of a high Li+ concentration in the electrolyte. Cells become more ideal as the Li+ 

increases. This ideality seems thus to depend on the electrolyte. In addition, the effect of the 

dye on the ideality needs to be taken into account. A slightly different slope is found for 

each configuration. The ideality factor m is related to the reaction order through its inverse, 

m= 1/ β (Section 2.2). In the case of the ZnO solar cells studied here, it is found that β ~ 

0.7 for the three configurations (Table 9.3). Alternatively, as it described in Chapter 2, 

according to some authors
10

 the reaction order can be estimated from the slope of the 

charge-transfer resistance versus voltage in an EIS experiment. A more detailed 

discussion of this approach is included below.  

The steady-state electron concentration can be also affected by a possible back 

reaction via the substrate. The linear behaviour of the Voc in the semilogarithmic plots 

(Figure 9.2) is an indication that recombination through the substrate is negligible over 

the entire range of measured photon fluxes
16

. 

9.4.  Electrochemical impedance spectroscopy studies 

Electrochemical impedance spectroscopy measurements were carried out at open 

circuit over a wide range of light intensities. In experiments performed in the open 

circuit mode the voltage corresponds to the Voc observed at the intensity of the incident 

Sample  Slope (V)     m     1/m (β) 

C1(ZnO/N719/OLE) 0.038 1.46 0.68 

C2(ZnO/D149/OLE) 0.037 1.42 0.70 

   C3(ZnO/N719/ILE) 0.036 1.38 0.72 

Ideal 0.026 1 1 
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light
17

. Hence at this voltage there is no net current flow and no drop in the Rct and Cct 

plots is observed at high voltages (Section 6.3 and Section 7.4). An example of spectra 

for each configuration can be found in Figure 9.3. 

 

 

 

Figure 9.3 Impedance spectra of the devices studied in this work at the open circuit photovoltage 

(100 mW cm
-2

) for each configuration. 

As was seen in Chapter 2 the capacitance measured in TiO2 solar cells by EIS usually 

shows an exponential variation with potential, corresponding to an exponential trap 

energy distribution below the conduction band edge
18

. This distribution is governed by 

the parameter α (α = T/T0) according to Equation 2.41 (Cμ= C0 exp(αV/kT)). The 

capacitance values obtained for the three configurations of ZnO solar cells show also 

this exponential behaviour (Figure 9.4). However, as already discussed in Chapters 7 

and 8 the capacitance for ZnO solar cells exhibits a very weak dependence on the 

voltage, with α ranging between 0.11 and 0.13 for the three configurations studied 

(Table 9.4).  

 

 

 

 

 

 

 

Figure 9.4 Capacitance values obtained from EIS fitting. The inset shows the results after band edge 

correction for configuration C1 (see text for details). 
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The results point to an exponential trap energy distribution in ZnO cells with a very 

high characteristic temperature. TiO2 cells usually show a much lower characteristic 

temperature, with α values ranging between 0.2-0.5
19,20

. The distribution parameter is 

very similar for the three configurations studied here, and in concordance with the one 

found in previous EIS studies of ZnO-based solar cells (Chapter 6 and Chapter 7). 

Quintana et al.
1
 also reported a similar behaviour of ZnO-based solar cells. From their 

charge extraction measurements a trap distribution parameter α = 0.13 is obtained.  

A comparison between transport and recombination rates for different DSCs can only 

be made if the ratio of the number of electrons in the conduction band and in traps is the 

same for all the samples
21

 (Section 2.5). For cells with similar trap distributions, (as 

may be assumed for C1, C2 and C3 due to the similarity of α ), this condition is fulfilled 

when the position of the quasi-Fermi level relative to the conduction band edge (nEF - 

Ec) is set to equivalent values in the cells being compared (Figure 9.5a). Under open 

circuit conditions it can be assumed that the electron quasi-Fermi level through the film 

is approximately uniform (Figure 2.4 and 9.19). On the other hand, the energy of the 

conduction band edge can become shifted as a consequence of oxide/electrolyte 

interactions (Figure 9.5.b). This kind of displacements has been reported a number of 

times in literature
22

 and has been described in Chapter 6 for an electrolyte containing 

the dicyanamide anion. When comparing samples with a similar trap distribution, the 

chemical capacitance data can indicate a possible shift in the conduction band edge
23,24

 

(Section 6.6).  

 

 

 

 

 

Figure 9.5 Effect of the conduction band-edge position Ecb on the open circuit voltage Voc for a given 

exponential trap density at the same illumination. Band–edge shift from (a) to (b) increases the Voc of cell.  

In Figure 9.4 an upward displacement of the ZnO conduction band is observed for 

C1. This behaviour can be attributed to the presence of TBP in the electrolyte
25

 (Section 

6.5). Therefore, the data of C1 have been shifted by -0.130 V (see inset Figure 9.4), 

which leads to an overlap of the capacitance values for the three kinds of cells
24

. The 

(a) (b) 
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criterion for this modification is that the chemical capacitance is directly related with 

the difference between the Fermi level and the conduction band edge by Equation 

2.40
18

 and an overlap of the different plots will lead to an Ec-nEF  difference similar for 

the three cells. Taking into account this shift for configuration C1, it is possible to 

compare the three configurations at the same values of Ec-nEF, so that the electron 

properties of these solar cells based on different dyes and electrolytes can safely be 

compared
17

. 

Consequently, the same shift has been applied to the other recombination and 

transport parameters (see below), and they are plotted versus nEF(shifted)-EF,redox.  

Additionally, data of the transport resistance can also be used to estimate the band 

shift
17

(Section 6.3) if the diffusion coefficient of free electrons is assumed to be 

constant. As will be shown below, a similar shift is observed for the transport resistance 

data of C1. 

As pointed out several times along this thesis, the transmission-line feature commonly 

attributed to electron transport in the semiconductor oxide
23,26,27

 is not observed in the 

EIS spectra of the ZnO films (Figure 9.3). This is probably due to the higher mobility 

of electrons in the ZnO material in comparison to TiO2
28

. Therefore, the reliability of 

transport resistance values obtained from impedance measurements (Figure 9.6a) is 

questionable. 

 

 

 

 

 

 

Figure 9.6  Transport resistance (a) and charge transfer resistance (b) obtained from EIS fitting. For the 

transport resistance only the results of C1 and C2 are shown. 

At high voltages the transport resistance versus voltage plot obtained from the fittings 

is flattened (Figure 9.6a). Wang and Peter
29

 also found this flattening when fitting the 

transport resistance from impedance measurements for TiO2 cells under illumination at 
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high light intensities. These authors claimed that when the value of Rt becomes lower 

than the resistance of the cathode, fitting becomes unreliable. For ZnO cells, the 

transport resistance is not distinguishable from the cathode feature at any bias potential. 

A suggestion to overcome this problem involving IMPS measurements in the fitting will 

be described below. 

In Figure 9.6b the charge transfer resistances for C1, C2 and C3 are plotted versus 

nEF(shifted)-EF,redox. C3 exhibits the lowest charge transfer resistance, which explains the 

difference of more than 100 mV of the photovoltage for this cell with respect to the 

other two. C1 exhibits slightly faster recombination than C2. The small difference in 

open circuit voltage between C1 and C2 can be explained by the difference in the 

position of the conduction band observed in the capacitance measurements as well as by 

the difference in the recombination resistance.  

The charge transfer resistance contains primary information regarding the 

recombination rate at steady-state
30 

and it has been fitted to Equation 2.10 (Rct = Rct,0 

exp(-βqV/kT)). Values of the transfer coefficient β are found to be 0.64, 0.59 and 0.69 

for C1, C2 and C3, respectively. The transfer coefficient (β) can be considered
10

, as 

discussed in Chapter 2, an empirical estimation of the reaction order in sublinear 

recombination kinetics. As in TiO2, this transfer parameter is greatly affected by the 

composition of the electrolyte and the dye. The role of the dye in the recombination of 

electrons with the oxidized species might be important. It is reported that dyes can 

influence recombination in two ways: (1) they can prevent electrons in the metal oxide 

from reacting with acceptor species in the electrolyte, or (2) they can facilitate 

recombination via an association between the dye and triiodide
20

. The influence of dye 

structure on charge recombination has been stressed recently
31,32

. It must be pointed out 

that values of β ~ 0.5 were obtained in previous EIS studies in the dark for ionic liquid 

electrolytes (Chapter 7), as well as for cells with configuration 2 in the dark (results not 

shown). This is significantly lower than the values observed under illumination for C1, 

C2 and C3, respectively. Apart from an influence of different triiodide concentrations in 

the vicinity of the film, this difference may be a consequence of recombination with the 

oxidized dye, a recombination path that is usually neglected.  

 As already mentioned, the reaction order is associated with the non-ideality factor m 

(Section 2.2, β = 1/m
10

) obtained from the Voc vs. ln(I0) plots (Figure 9.2). As shown in 
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Table 9.4, this relation is not completely satisfied for any configuration, especially for 

C2. This could indicate that other factors contribute to the non-ideal behaviour observed 

in the Voc vs. ln(I0) plots apart from a non-linear recombination. As mentioned in 

Section 2.2, some authors
32

 have recently proposed an additional non-ideality parameter 

that describes the departure of the concentration of conduction band electrons from ideal 

(Boltzmann) statistics. According to this, the parameter m and the reaction order β 

would satisfy a different relation
32

 that could account for the results in Table 9.4. 

Table 9.4 Distribution parameter (α), characteristic temperature (T0), and  charge transfer parameter (β) 

obtained from EIS measurements under illumination. The reaction orders obtained by the inverse of the 

ideality factor from Voc versus ln(I0) plots (Figure 9.2 and Table 9.3) are also indicated. 

 

In addition, the lower Voc obtained for C3 can be a consequence of a displacement of 

the equilibrium redox potential of the I
-
/I3

-
 couple

33
 (Equation 2.16). Taking into 

account that the molar iodide concentration in configuration C3 is much larger (2.4 M) 

than in the other two (0.5 M), the redox potential of the electrolyte should be shifted 

towards more negative values. If the Fermi level in the semiconductor is fixed, this 

displacement leads to a lower photovoltage. However, using the Nernst equation for a 2-

electron redox process, only a 20 mV displacement of the redox equilibrium level is 

predicted between the organic liquid electrolytes (C1, C2) and the ionic liquid 

electrolyte (C3). 

9.5.  Open circuit voltage decay and lifetime measurements  

 Open circuit voltage decay experiments were carried out to probe the recombination 

kinetics. Figure 9.7 shows the photovoltage transients for the three configurations in a 

semilogarithmic plot.  

 

 

 

Sample          α T0        

(K) 
 

(from Rct fitting) 

1/m 

(β) 

 C1 (ZnO/N719/OLE) 0.11 2700 0.64 0.68 

C2(ZnO/D149/OLE) 0.13 2300 0.59 0.70 

C3(ZnO/N719/ILE) 0.12 2500 0.69 0.72 
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Figure 9.7 Open circuit voltage decays for the three configurations studied. 

According to Walker et al.
11

, voltage time decay should become logarithmic at longer 

times if recombination occurs through the semiconductor/electrolyte interface via an 

exponential distribution of trapping states and the quasistatic approximation holds. The 

slope in the semilogarithmic plot can be related to the trap distribution parameter α by
11

 

       

    
    

     

   
                                                                  

The voltage vs. ln(t) plots yield a similar slope for the three configurations studied 

(Figure 9.7). However, the decay is much steeper than predicted by the trap distribution 

parameter obtained from the capacitance measurements (Figure 9.4 and Table 9.4). 

This can be a further indication of non-linear recombination, which can influence the 

slope in the voltage versus ln(t) plot as shown in the simulations reported in Ref. [34]. 

The logarithmic behaviour in Figure 9.7 is also an indication that back reaction via the 

substrate is negligible
16

. This is consistent with the fact that the illumination dependence 

of the open circuit voltage (Figure 9.2) is linear in the semilogarithmic plot
35

. 

IMVS measurements were carried out for the three configurations at different 

intensities of the light. In Figure 9.8, examples of IMVS spectra are shown for each of 

the configurations at the same Fermi level (taking into account the shift for C1).  
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Figure 9.8 IMVS spectra for C1, C2 and C3 at approximately the same Fermi level.  

The effective electron lifetime is obtained from three different techniques including 

OCVD and small perturbation measurements according to: 

  
      

  
    

 
  
    
  

       (3.1) 

  
             (3.11) 

  
      

   
 

    
    (3.13) 

  

The corresponding results can be found in Figure 9.9. Once again the voltage has 

been corrected to account for the band displacement as explained above.  

 

 

 

 

 

 

 

 

 

 

Figure 9.9 Electron lifetimes for the three configurations obtained from EIS, OCVD and IMVS 

measurements. 
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There is a very good agreement among the lifetimes extracted from the three 

techniques. In line with the lower recombination resistance found in Figure 9.6 for 

configuration C3, the electron lifetime for C3 is found to be much shorter than for the 

other configurations. This explains the much lower photovoltage found for this kind of 

cell. Configuration C2 exhibits the longest lifetime, which explains its similar voltage to 

C1 despite the lack of TBP in the electrolyte.  

The slopes of the log-lin plot of lifetimes versus voltage yield a distribution parameter 

value that is considerably higher than the value obtained from the capacitance. This is 

consistent with sub-linear recombination kinetics. In this case, the reaction order needs 

to be taken into account and the lifetime versus the voltage should give an exponential 

with a characteristic exponent (with respect to kBT/q) equal to α-β (Equations 2.48 and 

2.51). A comparison between the predicted values and the experimental results for each 

technique are summarized in Table 9.5. 

Table 9.5 Exponent α- predicted from capacitance and charge transfer measurements and obtained 

experimentally from electron lifetime measured by EIS, IMVS and OCVD. 

Cell α              

(from Rct 

fitting) 

α- 

predicted 

α- 

EIS 

α- 

IMVS 

α- 

OCVD 

C1(ZnO/N719/OLE) 0.11 0.66 -0.55 -0.52 -0.54 -0.43 

C2(ZnO/D149/OLE) 0.13 0.59 -0.46 -0.46 -0.46 -0.40 

C3(ZnO/N719/ILE) 0.12 0.69 -0.57 -0.57 -0.53 -0.55 

 

The predicted values are consistent with the values obtained from lifetime 

measurements by EIS and IMVS, but not for OCVD, which shows the largest 

deviations.  

9.6.  “Short circuit voltage” measurements 

Short Circuit Voltage (Vsc) measurements
36

 allow to make an estimation of the 

position of the quasi Fermi level (nEF) in the mesoporous ZnO film under illumination 

at short circuit conditions as explained in Section 3.4.  Examples for configuration C1 

at low and high light intensities can be found in Figure 9.10a and 9.10b. 
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Figure 9.10 Short circuit voltage for configuration C1 (a) at low light intensity (4.8·10
-3

 mW cm
-2

) and 

(b) at high intensity (20 mW cm
-2

). Voc and Vsc versus light intensity for C1(c).  

As can be seen in Figure 9.10a, there is a rise time before the voltage reaches its 

maximum Vsc, and afterwards the voltage decays. This rise time is very short for high 

light intensities (Figure 9.10b). In Figure 9.10c the Vsc measured at different light 

intensities is plotted together with the open circuit voltage for C1. From this plot the 

shift of the quasi-Fermi level between open and short circuit conditions is obtained, 

accounting for 0.227 V and 0.222 V for configurations C1 and C2 respectively. A 

similar shift can be found in previous reports for ZnO
1
 and TiO2

36
. The shift for C3 is 

found to be smaller, 0.150 V, which is consistent with the shorter electron lifetime for 

this type of cell. 

A deviation of the short circuit voltage at high light intensities as the one observed in 

Figure 9.10c was obtained for all the measurements. Since a mechanical switch was 

used, a non-perfect synchronization between circuit opening and turning off of the light 

can lead to an overestimation (underestimation) of the voltage measured, due to electron 

accumulation (extraction). This fact can turn into a problem when making 

measurements at high light intensity, where the transient responses of the cells can be 

faster than the switch synchronization. This could explain the deviation found when 

measuring Vsc at high light intensities. On the other hand, at lower intensities, imperfect 

switch synchronization should not introduce any significant error. Therefore, these 
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values were used to obtain the voltage shift. Interestingly, this technique was not 

suitable for measurements of the nanowire samples (Appendix 11.9). 

9.7.  Electron transport in ZnO-based solar cells 

Electron transport properties in the nanostructured metal oxide were studied using 

intensity-modulated photocurrent spectroscopy (IMPS)
37,38

 (Figure 9.11).  

 

 

 

 

 

 

 

 

 

Figure 9.11 IMPS spectra for C1, C2 and C3 measured at the same light intensity. 

The spectra show the typical shape of an IMPS response for C1 and C2 over the 

complete range of intensities studied (Figure 9.11). However, for C3 an additional 

relaxation feature in the upper quadrant of the IMPS response appears at high light 

intensities. This behaviour has been already reported for dye-sensitized solar cells where 

the iodide/triiodide redox couple was substituted by a Co(dbbip)2 redox shuttle and was 

attributed to diffusion limitation in the electrolyte
39

.  

The double logarithmic plot in Figure 9.12a shows how the electron lifetimes τn from 

IMVS measurements and the time constant obtained from the IMPS spectrum τIMPS 

depend on the light intensity. We found a slope of -0.8 for the light intensity 

dependence of τIMPS and a slope of -0.7 for the light intensity dependence of τn.  This 

slope values are in  agreement with the ones obtained for dye sensitized TiO2
37,38

 and 

ZnO
1,2

 cells. 
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Figure 9.12  IMPS and IMVS time constants for C1 as a function of light intensity (a) and as a function 

of Fermi level (b). 

The time constants from IMPS measurements can be interpreted as the average 

electron transport time provided that transport time is considerably shorter than the 

electron lifetime
40

. If this condition is not fulfilled, time constants obtained from IMPS 

spectra are partially influenced by recombination. In Figure 9.12b IMVS and IMPS 

time constants are plotted versus the Fermi level energy. IMPS time constants are at 

least two orders of magnitude smaller than the IMVS time constants, suggesting that the 

effects of recombination on the IMPS response can be neglected. This applies for the 

three configurations. As introduced already in Equation 3.14, in the absence of 

recombination the IMPS time constant can be related to the effective electron diffusion 

coefficient (Dn) using an expression of the form
41

 

where γ is a numerical factor, which depends on layer thickness (d), absorption 

coefficient (αabs) and illumination direction
42-45

. A plot of this factor γ versus αabsd can 

be found in the Appendix 11.10. According to Figure 8.3 in the previous Chapter, the 

absorptance for the ZnO nanoparticulated film sensitized with the D149 dye is 0.9 at 

530 nm (the wavelength of the light source used for testing). For a film thickness of 

8 μm and taking into account the relation between absorptance and transmittance 

(neglecting reflectance) expressed in Equation 5.1, αabsd is ~1, which corresponds to a 

numerical factor γ of ~2.61 (Appendix 11.10). Note that this factor is obtained for the 

sample (C2), which exhibits the highest absorptance. For C1 and C3, γ is expected to be 

different due to the lower absorption coefficient of N719. However, according to the 

figure in Appendix 11.10, no significant change is expected and the validity of this 

 
  
      

  

   

 

 

                    (3.14) 
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approximation is assumed. In Figure 9.20, the diffusion coefficients for the three 

configurations with respect to the position of the Fermi level are shown (taking into 

account the conduction band shift for C1). Similar diffusion coefficients have been 

reported by Quintana et al.
1
 for ZnO solar cells.  

 

 

 

 

 

 

 

 

 

 

Figure 9.13 Diffusion coefficient obtained from the IMPS response as a function of the Fermi level 

position. The shift in C1 has been corrected for. 

According to the multiple trapping model, the diffusion coefficient Dn must be related 

to the trap distribution parameter  by Equation 2.48 (Dn =D
o
 exp((1-α)(nEF-

EF,redox)/kT)
46-48

. Therefore, diffusion coefficients should increase with applied bias with 

a slope proportional to 1-α. However, Dn values for the three cells exhibit smaller slopes 

than the ones predicted from the distribution parameter as obtained from the capacitance 

data (Table 9.4). An α value of 0.37, 0.43 and 0.34 is obtained for C1, C2 and C3, 

respectively. This could be again an indication of the non-ideal behaviour of conduction 

band electrons as mentioned above.  

The time constant measured by IMPS can be expressed as the product of the transport 

resistance of electrons in the semiconductor film and the film capacitance
26,41,49

  

     
                                                                  2        

Therefore, a way to obtain the transport resistance is to combine the time constant 

obtained from the IMPS measurements and the capacitance data obtained from the 

impedance response. It has to be noted that such a strategy comprises an approximation 

in so far as it is ignored that IMPS takes into account non-homogeneous illumination 
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via the IMPS factor whereas the impedance model
49

 actually only applies for 

homogeneous illumination. This could introduce an error in the estimation. 

As the first technique is a short circuit measurement and the second is carried out at 

open circuit, a third measurement, the short circuit voltage Vsc
36

 is necessary to relate 

the two parameters to the same trap occupancy (i.e. to the position of the Fermi level 

relative to the conduction band) (Section 9.6). Taking into account this shift between 

open circuit and short circuit, the IMPS relaxation constant and the capacitance at the 

same quasi-Fermi level can be related in order to extract Rt according to Equation 9.2.  

In order to obtain a set of values for Rt in the range of interest, the IMPS time constant 

as a function of voltage is fitted to an exponential, which was extrapolated to obtain 

values in the range where capacitance data were determined. The resulting transport 

resistances can be found in Figure 9.14. In the inset, data were corrected taking into 

account the displacement of the conduction band. After this correction, all samples 

show a similar transport resistance, indicating that the conduction band offset obtained 

from the capacitance data for C1 (Figure 9.4) is consistent with the shift observed in the 

transport resistance data. 

 

 

 

 

 

 

 

 

 

 

Figure 9.14 Transport resistance for the three configurations obtained from EIS and IMPS data. In the 

inset, data were corrected taking into account the displacement for the conduction band for C1. 

In Figure 9.15 a comparison between the transport resistances obtained from this 

method, and those obtained from the impedance fitting is shown for configuration C2. 
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Figure 9.15 Transport resistance for C2 obtained from EIS fitting and from the combination of IMPS and 

EIS data. 

As can be seen in Figure 9.15 both methods lead to similar transport resistances at 

low voltages. This seems to indicate that the charge transport resistance extracted from 

impedance measurements could be considered basically correct even if the Warburg 

feature is not observed in the plot. On the other hand, the new method proposed here 

can be very useful to avoid the interferences of the cathode resistance in the fitting of 

impedance data.  

Table 9.7 Slopes obtained from the fitting of the transport resistances plotted in Figure 9.14. 

Cell Slope (mV) 

C1(ZnO/N719/OLE) 35  

C2(ZnO/D149/OLE) 37  

C3(ZnO/N719/ILE) 33  

 

In Table 9.7 the slopes of the corresponding semilogarithmic plots of the transport 

resistance (Figure 9.14) are indicated. Values are considerably higher than the ideal 

value (Equation 2.31), which was found in previous studies on TiO2 cells
17,23,27

. 

However, those transport resistances were measured in the dark. Fabregat et al.
23

 

observed an ideal behaviour of the transport resistance in the dark for TiO2, but it 

departed from ideality when impedance measurements were carried out under 

illumination. Several explanations could be proposed to account for the anomalous 

behaviour of the transport properties. First of all, it must be borne in mind that non-
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ideality can arise from interactions between electrons and these are more likely to be 

important in ZnO due to its lower dielectric constant with respect to TiO2. Strong 

interactions between electrons might lead to a non-constant diffusion coefficient of 

electrons in the conduction band. In addition, non-ideal transport properties can be a 

consequence of a non-ideal behaviour of the free electron concentration with respect to 

the Fermi level energy (i.e. nc might not be equal to Nc exp (Ec-Ef /kT) as expected for an 

ideal system, Equation 2.15)
32,44

. All these factors are likely to influence in the non-

ideal behaviour of diffusion coefficient and transport resistance observed here. 

9.8.  Small amplitude electron diffusion length 

For conditions of small perturbations with respect to an uniform background density, 

the electron diffusion length can be obtained from the effective values of the electron 

lifetime and the electron diffusion coefficient measured at coincident positions of the 

Fermi level
10,12,50

 (Ln = (τn Dn)
1/2

, Equation 2.50). As the diffusion coefficient is 

obtained from IMPS (short circuit) and the lifetime is obtained from IMVS (open circuit 

measurement), it is necessary again to take into account the displacement of the Fermi 

level at short circuit with respect to open circuit. A fit line to the data was used to 

extrapolate and obtain a continuous function describing the relationship of Dn and τn 

with the electron quasi Fermi level along all the energy range of interest (Figure 9.16a). 

 

 

 

 

 

 

 

 

Figure 9.16 (a) Experimental data (symbols) and fit (line) of the diffusion coefficient and electron 

lifetime for C1 as a function of the Fermi level energy. (b) Charge transfer resistance (Rct), transport 

resistance (Rt) and resulting diffusion length (Ln) for C1. A similar approach has been made for the rest of 

configurations. 

On the other hand, the electron diffusion length can also be estimated from the EIS 

and IMPS data according to Equation 3.12 (Ln/d = (Rct/Rt)
1/2

)
23,26 

where Rct is the 

charge transfer resistance obtained from EIS measurements and Rt is the electron 
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transport resistance obtained by combining capacitance data and transport times from 

IMPS, as explained above (Figure 9.16b). The small amplitude diffusion lengths 

obtained from both methods are plotted in Figure 9.17 for the three types of cells. It has 

to be noted that a correction accounting for the band shift was made in the case of 

configuration C1. 

 

 

 

 

 

 

 

 

Figure 9.17 Small-perturbation electron diffusion lengths for the solar cells studied in this work from EIS 

(lines) and EIS + IMPS (symbols). 

 The agreement between both techniques is good, especially for C1 and C2. Regardless 

of the method used, the diffusion length is found to increase with applied voltage as 

expected from a non-linear recombination mechanism
10,12,50 

(Section 2.5). More 

interestingly, the diffusion lengths are found to be much longer than the film thickness, 

suggesting 100% collection efficiency. For the ionic-liquid configuration (C3), the 

stronger recombination pointed out in Sections 9.4 and 9.5, reduces the diffusion length 

significantly, but it is still considerably larger than the film thickness. 

9.9.  Simulation of the IV curve 

The determination of transport and recombination parameters makes it possible to 

attempt the simulation of the IV curves for the three configurations studied by solving 

the continuity equation for electrons in the semiconductor film
51-53

(Section 2.6). The 

continuity equation is solved for a density dependent diffusion coefficient D(n) and a 

pseudo first order kinetic recombination constant kr(n). The density dependence of these 

magnitudes is related to their Fermi level dependence according to the experimental 
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measurements in Figures 9.13 and 9.9 for the diffusion coefficient and the electron 

lifetime, respectively. The diffusion coefficient is modelled according to Equation 

2.48, whereas kr(n) (related to the inverse of the electron lifetime), is modelled via 

Equation 2.58. This equation implies that the recombination rate is non-linear in 

electron concentration, as was recently discussed in Refs. [10,12] and as inferred from 

our experimental results.  

The continuity equation is solved in the space and time domain and the photocurrent is 

obtained from the gradient of the total density profile at x = 0 (Appendix 11.13). The 

IV curve is simulated by solving the equation at various applied voltages at x = 0, from 

V = 0 (short circuit) to open circuit conditions, these defined as the situation for which 

the photocurrent becomes zero (the parameter kr
0
 is adjusted to give zero current at the 

experimental open circuit voltage). To compute the density-dependent diffusion 

coefficient, the parameter D
0
 in Equation 2.48 represents the diffusion coefficient in 

the dark, when EF = EF,redox. The photocurrent is obtained once the steady-state 

condition is reached. The experimental short circuit photocurrent is matched by 

adjusting the dye loading in the film (assuming 100% injection quantum yield). The 

voltage drop due to series resistance is introduced by modifying the applied voltages by 

V  V +JRsA, where Rs is the series resistance of the cell and A is the active area of the 

cell.  

 

 

 

 

 

 

 

 

 

 

Figure 9.18 Experimental current-voltage curves for solar cells studied in this work (symbols) and 

simulations (lines). The simulation of C2 without any series resistance is also included (dashed line) 
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The following common parameters were used to simulate the three configurations: 

α = 0.12 (estimated from capacitance data, Table 9.4),  = 0.7 (estimated from ideality 

factors, Table 9.3), D
0
 = 10

-7
 cm

2 
s

-1
 (estimated from Figure 9.13) and n0 = 10

15
 cm

-3
. 

Results for the simulations are shown in Figure 9.18. When solving the equation 

without any series resistance, the resulting IV curve reproduces a non-ideal diode with a 

factor m approximately equal to 1/, as can be seen in Figure 9.18 (dashed line) for C2. 

The values obtained for the adjustable parameter kr
0
 are 1.4·10

-3 
s

-1
, 4·10

-3 
s

-1
 and 3·10

-2 

s
-1

 for configurations C1, C2 and C3, respectively. According to Equation 2.58 these 

values lead to a pseudo-first order electron lifetime of 1.7·10
-3

 s, 5 ·10
-3

 s and 3.3·10
-4 

s 

at the experimental Voc (1 sun illumination, Figure 9.1) for configurations C1, C2 and 

C3, respectively (Table 9.8). By fitting the photocurrent at the maximum power point, 

the series resistance acting in the cell can be extracted and the full IV curve reproduced. 

Values of RsA = 28.5  cm
2
 were obtained for C1 and C2, and RsA = 20.5  cm

2
 for 

C3. A summary of the different fitting parameters with the respective experimental 

values can be found in Table 9.8. 

Table 9.8  Kinetic recombination constant kr(n), lifetimes (τ) and RsA obtained from the fitting and from 

EIS measurements (Figure 9.9) at Voc at 1 sun illumination (Figure 9.1). The values for C1 correspond to 

the electron lifetime before the correction of the Fermi level shift. 

Cell kr
0 

(s
-1

) 

τ  (s) 

(at Voc) 

(fitting) 

τ (s) 

(at Voc) 

(obtained from EIS) 

RsA 

( cm
2
) 

(fitting) 

RsA 

( cm
2
) 

(experimental) 

C1 1.4 · 10
-3   

 1.7· 10
-3

 2.4·10
-2 

 28.5
 

25.1 

C2    4 · 10
-3

  5.0 · 10
-3

 1.0 ·10
-2 

 
28.5 13 

C3     3 ·10
-2

 3.3 · 10
-4

 3.2 ·10
-3 

 
20.5 21.3 

 

The obtained lifetimes are one order of magnitude lower than the experimental ones. 

In the case of C3, ion transport in the electrolyte is likely to have a significant 

contribution, which is ignored in this modelling. A more detailed model such as the one 

reported recently by Barnes et al.
32

 is probably required to correctly simulate the IV 

curve in this case.  

The series resistance Rs would correspond to the sum of the TCO resistance, the 

contribution of the counter-electrode, and the resistance of the electrolyte (Section 

3.6.1). The fitting values (Table 9.8) are very close to those that can be extracted from 

the impedance spectra in Figure 9.3. The result of the modelling indicates that the main 
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reason for the low fill factor of the cells (Figure 9.1) is the series resistance, rather than 

the non-linearity of recombination. However, additional factors may contribute to a low 

fill factor such as a poor injection when the voltage approaches the open-circuit value
54

. 

The Fermi level profiles for configuration C1 that arise from the numerical solution of 

the continuity equation at open circuit and short circuit are shown in Figure 9.19.  

  

 

 

 

 

 

 

 

 

 

Figure 9.19 Fermi level profiles at short-circuit and open circuit for configuration C2. The approximate 

Fermi level shift is indicated in the graph. 

A Fermi level shift of 0.273 V is predicted between short circuit and open circuit 

conditions. This value is quite close to the experimentally determined shift of 0.227 V 

(Figure 9.10c). 

9.10. Conclusions 

In this Chapter ZnO-based dye solar cells with different configurations, involving two 

dyes and organic as well as ionic-liquid-based electrolytes have been studied. The main 

aim of this work was to describe the recombination and transport properties of ZnO-

based solar cells. In addition, it was studied if the same theories and approximations 

formulated for TiO2 can be applied to describe the behaviour of ZnO cells. Finally, it 

was aimed to indentify the factors, which determine the lower performance of ZnO-

based solar cells with respect to TiO2. 

Much higher photocurrents are obtained using the organic dye D149, pointing to the 

limitation of the ruthenium dye N719 as sensitizer for ZnO. The overall efficiency of 

the cells is greatly determined by the poor fill factors, especially when high 
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photocurrents are obtained. Simulation of the IV curves points out that the main reason 

for the low fill factor of the cells is the series resistance, rather than non-ideality effects. 

The origin of a high series resistance for the ZnO-based solar cells is not clear at the 

moment, but might be related with a poor injection in the case of sensitized ZnO. The 

fact that TiO2 cells prepared by the same procedure, using the same substrates, sealing 

process and cell area, yield much higher fill factors for similar photocurrents (Appendix 

11.11) seems to discard fundamental failures of the preparation procedure as potential 

origins of the high resistance. In addition, the FTO/ZnO system could be a critical 

parameter and more work is necessary to optimize the ZnO film properties as well as 

the FTO/ZnO interface.  

Non-ideality effects are observed both in recombination and in transport properties. 

The light-intensity dependence of the photovoltage for ZnO cells is clearly non-ideal. 

This non-ideality is usually found for TiO2 cells as well and may be a result of sub-

linear recombination kinetics. In this study, it is found that the ideality factor depends 

on the dye and the electrolyte employed. Interestingly, Voc profiles turn out to be more 

ideal for xanthenes dyes (Chapter 5) than for the other dyes studied here. If non-

ideality is indeed caused by recombination via surface states, then a possible 

deterioration/damage of the surface by dye adsorption (which is expected to be more 

critical in the case of ZnO), may strongly influence this effect.  

The transfer parameter obtained from the fitting of the charge transfer resistances (as 

extracted from EIS measurements) is an empirical estimation of the reaction order in 

sublinear recombination kinetics. This parameter is found to depend also on the 

composition of the different ZnO cells. It yields values different from the reaction 

orders obtained from the Voc versus light intensity plots.  This could be an indication 

that sublinear recombination kinetics with a possible involvement of surface states in 

electron transfer is not the only reason for non-ideality. One possibility is that the 

assumption of an ideal dependence of free electron concentration with respect to voltage 

is wrong. In this case additional factors need to be defined and taken into account in 

order to determine the relation between ideality factor and sublinear reaction order.  

The voltage-dependence of the capacitances as measured from EIS is weakly 

exponential and very similar for all configurations. It must be noted that a movement of 

the conduction band edge under illumination can lead to a weaker voltage dependence 
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of the capacitance in comparison to the respective Fermi level dependence. However, 

according to the measured accumulated charge (Appendix 11.12), band shift effects 

appear to be negligible for this kind of ZnO nanoparticles. The observed behaviour of 

the capacitance has been attributed to localized band gap states in the ZnO structure. 

The trap distribution parameter obtained from EIS measurements of the capacitance 

does not predict the experimental profile of the open circuit voltage decay. This could 

be a further indication of non-linear recombination kinetics. 

An excellent agreement was observed between the electron lifetimes determined 

independently using three different techniques (IMVS, OCVD and EIS measurements). 

The slope of a semilogarithmic plot of lifetimes versus voltage points again to non-

linear recombination kinetics. 

The transport resistance can be estimated by combining EIS and IMPS data.  This 

approach circumvents the problem of transport resistance determination when a clear 

Warburg feature is not observed in the impedance spectra. Furthermore, it can be very 

useful to avoid the interferences of the cathode in the fitting of impedance data. 

Anyhow, similar values of the transport resistance are obtained at low voltages from 

both methods (EIS and EIS+IMPS). This seems to indicate that an estimation of the 

charge transport resistance can be obtained from impedance measurements at low 

voltages even if the Warburg feature is not observed. 

A pronounced non-ideality is found for the transport properties in ZnO solar cells for 

all configurations. Several factors can contribute to this high non-ideality, e.g. strong 

electron-electron interactions in the conduction band due to the lower dielectric constant 

of ZnO as compared to TiO2 and a non-ideal dependence of free electron concentration 

on voltage.  

The electron diffusion lengths for the cells are much longer than the film thickness in 

all cases, including the ionic liquid configuration. Therefore, 100% collection efficiency 

is expected. Besides, electron diffusion lengths show an exponential increase with 

applied voltage that is indicative of non-linear recombination.  

 Once corrected for band displacements, recombination resistances, lifetimes and 

electron diffusion lengths indicate that solvent-free ionic-liquid electrolytes lead to 
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significantly more rapid recombination kinetics than the other configurations. As a 

consequence, a much lower photovoltage is obtained for this type of cells.  

Applying a model based on the total electron concentration, the experimental IV 

curves have been fitted. The simulation yields a difference in the Fermi level at short 

circuit and open circuit that supports the viability of short circuit voltage measurements 

to estimate the position of the Fermi level at short circuit.  

In summary, the behaviour of ZnO dye solar cells has been analyzed according to the 

same theories as used in TiO2 dye solar cells. Different characteristic parameters, as for 

example a much smaller distribution parameter, have been obtained for ZnO with 

respect to TiO2.  In general, it is found that the diffusion model can only describe the 

behaviour of ZnO cells provided non-ideality of free electrons is empirically accounted 

for. Assuming the validity of the theoretical descriptions for ZnO, differences of the cell 

performance with respect to TiO2 are not due to poor electron collection.  

As can be seen in Appendix 11.8, the incident photon-to-current efficiencies are 

~70% for C2, and only ~30% for C1 and C3 at the maximum of the dye absorption. As 

was described in Chapter 2, the IPCE depends on the efficiency of light absorption by 

the dye, on injection and on the efficiency of electron collection at the anode. For ZnO 

cells based on the N719 dye, the main limitation of the IPCE could be a low light 

harvesting efficiency of the sensitized films, together with a poor injection from the dye 

to the semiconductor due to the presence of Zn
2+

/dye aggregates. 

On the other hand, optical studies described in Chapter 8 proved the good light 

harvesting properties of ZnO sensitized with the organic dye D149. According to 

absorptance measurements, an IPCE of 90 % is expected assuming 100% collection 

efficiency and 100% injection efficiency. In addition, dye coverage studies point to 

monolayer coverage of the ZnO surface by D149 dye molecules.  Therefore, if diffusion 

lengths are several orders of magnitude longer than film thickness, the reason for the 

low IPCE values observed should be attributed to poor injection efficiency. 

In addition to the energy difference between the LUMO level of the dye and the 

conduction band level in the semiconductor, the injection efficiency is determined by 

several parameters as, for example, the electronic structures of the dye molecule and the 

semiconductor, respectively. Although the position of the conduction band of ZnO is 
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similar to TiO2, the density of states is one order of magnitude lower for ZnO
28

. 

Besides, a poor injection efficiency of ZnO can be associated to its lower dielectric 

constant with respect to TiO2, which can affect charge separation dynamics. Ultrafast 

injection kinetics have been reported for ZnO
55,56

. However, recently Cai et. al
54

 have  

demonstrated that the thermodynamic competition between charge transfer from the 

LUMO level of the dye to the conduction band and backward charge transfer from the 

conduction band to the LUMO level should be considered in the evaluation of injection 

efficiency.  This back reaction will depend to a great extent on the electronic properties 

of the semiconductor and its coupling with the dye. Hence, the low dielectric constant 

of ZnO may enhance the back reaction, leading to lower injection efficiency. 

Furthermore, this effect will be larger at high voltages (close to open-circuit), so that an 

additional deterioration of the fill factor could be produced. 
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10.  Discussion and outlook 

In this thesis the photovoltaic performance of dye-sensitized solar cells based on the 

semiconductor ZnO in combination with different kinds of dyes and electrolytes has 

been studied in detail.  

One of the main objectives of the thesis has been the search for a suitable dye for 

ZnO. Several dyes have been explored, including xanthene derivatives, ruthenium-

complex dyes and indoline derivatives. It was found that the sensitization process with 

organic dyes is not as critical as with ruthenium-complex dyes, indicating a higher 

stability of the ZnO surface in the former case. In general, ruthenium dyes, as the 

common N719, were found not to be appropriate for ZnO due to the deterioration of the 

semiconducting film upon sensitization and the consecutive aggregation of Zn
2+

/dye 

complexes in the pores. Among all the dyes studied, the best performing ZnO cells have 

been obtained with the organic dye D149. ZnO dye solar cells sensitized with this 

indoline derivative dye yield much higher photocurrents than cells with the ruthenium 

sensitizer N719.  The sensitization of ZnO with D149 has been studied in detail. It turns 

out that in the case of D149 the photocurrent is independent of the sensitization time. 

Most likely the dye molecules form a monolayer on the surface of ZnO and aggregation 

seems to be insignificant. Efficient sensitization and very good absorption properties of 

D149 are the key factors for its higher performance with respect to the other dyes tested, 

including ruthenium-complexes.  

The second aim of this thesis has been to evaluate the suitability of ionic liquid-based 

electrolytes for the development of ZnO solar cells with high long-term stability. The 

performance of these devices is found to depend not only on the viscosity of the ionic 

liquid, but also on the nature of the anions of the ionic liquid and their interaction with 

the semiconductor, respectively. A clear improvement of the photovoltage has been 

found with electroactive anions, which interact with the ZnO surface. However, this 

interaction can also provoke the desorption of dye molecules, especially when the 

interaction between ZnO and the sensitizer is very weak (as in the case of the D149 

dye). In addition, a strong recombination, which causes low photovoltages, has turned 

out to be the main limitation of the ZnO solvent-free solar cells analyzed in this thesis. 

Remarkable efficiencies have been obtained, however, for solvent-free ZnO solar cells 

sensitized with the organic dye D149. Nevertheless, desorption of the dye turned out to 
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be critical, especially in the presence of electroactive anions, which interact with the 

ZnO surface. This instability in ionic liquid electrolyte prevented the fabrication of a 

completely solvent-free and stable ZnO solar cell based on an organic dye. The 

exploration of alternative ionic-liquid electrolyte compositions or the modification of 

the ZnO surface is, therefore, required for fabricating stable devices based on ZnO films 

sensitized with this organic dye. Besides, organic dyes with alternative anchoring 

groups may overcome the weak dye-oxide interaction observed. In this respect, 

preliminary tests with alternative dyes have been very promising, showing very good 

stability in the presence of ionic liquid electrolytes. Strong adsorption has been proved, 

for example, for an indoline dye coded D358 with two carboxylic groups in its structure 

(in contrast to only one carboxylic group in D149), and for perylene derivatives with 

anhydride groups instead of carboxylic groups (Appendix 11.3.4).  

Taking into account that one of the most interesting properties of ZnO is its flexibility 

in synthesis and morphology, the influence of the semiconductor morphology on the 

performance of ZnO based solar cells has been studied. A comparative study of D149-

sensitized ZnO electrodes based on nanowire arrays and electrodes based on randomly 

oriented nanoparticles have been carried out. The main conclusion of this study is that 

the performance of the one-dimensional nanostructures studied here is not limited by a 

low light harvesting as could have been expected as a consequence of the relatively low 

surface area. Nanowire-based solar cell performance seems to be limited by poor 

injection from the dye to the nanowires and/or strong recombination. Spin-coated 

nanoparticles deposited on the surface of the nanowires decrease significantly electron 

recombination and lead to an improvement of the photovoltage and fill factor of the 

cells and of the overall performance of the devices. This fact strongly suggests that 

surface modification may significantly improve the performance of the electrodeposited 

nanowire arrays studied here. Further research to establish whether poor injection is also 

contributing to the low performance of the nanowire-based solar cells is necessary. 

Finally, a comprehensive study of the electronic and recombination properties of ZnO 

dye-sensitized solar cells was carried out. The behaviour of ZnO dye solar cells has 

been described using the same theories as used for TiO2 dye-sensitized solar cells, but 

with different characteristic parameters: small values of the trap distribution parameter, 

similar recombination reaction order and stronger non-ideal effects in the transport 
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properties. The reliability of the transport resistance values obtained from impedance 

data is questionable because the transmission-line feature attributed to electron transport 

is not observed in ZnO impedance spectra. A simple analysis based on the combination 

of two techniques (EIS and IMPS) has turned out to be an appropriate strategy for the 

estimation of the electron transport in dye-sensitized solar cells. Interestingly, the 

estimated diffusion lengths for ZnO cells, including cells based on ionic liquid 

electrolytes, are significantly larger than the film thickness, indicating that collection 

efficiency approaches 100% in these devices.  

After a complete study of the electronic, recombination and optical properties of ZnO 

solar cells, it is concluded that either light harvesting or poor injection efficiency are the 

limiting factors rather than electron collection efficiency. In conclusion, good electronic 

properties of ZnO have been shown in systems involving several combinations of dyes 

and electrolytes. Dye desorption in the presence of electrolyte, formation of ZnO/dye 

aggregates and a low injection efficiency constitute problems, which still have to be 

solved satisfactorily. In this regard, in this thesis some strategies have been suggested, 

which may help in the future to further optimize the performance and the stability of 

ZnO based dye-sensitized solar cells.  
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11.1.  Comparison between equivalent circuits 

 

 

 

 

 

 

  

 

 

 

Figure 11.1 Comparison between the two equivalent circuits used in this thesis. Sample: FTO/ZnO 

nanoparticules/D149/PMII+I2/ pt-FTO.  (a) Charge transfer resistance, (b) capacitance, (c) transport 

resistance and (d) diffusion impedance in the electrolyte. 

 

11.2. Optical profilometry measurements  

 

 

 

 

 

 

 

 

Figure11.2 Optical profilometry measurements for a film deposited by doctor blading from a colloidal 

suspension of a mixture of Evonik and PIKEM nanopowders. The graphs show four profiles for different 

scanning lines. 

 



 
 

11.3.  Sensitizers for ZnO dye-sensitized solar cells 

11.3.1.  Comparison of different forms of Eosin dye 

 

 

 

 

 

Figure 11.3 Dye molecules of Eosins Y (salt form) and B.  

 

Figure 11.4 (a) Absorbance spectra of Eosin Y (salt) and Eosin B. (b) IV curves for the three types of 

Eosins.  

 

11.3.2.  N-Aryl Stilbazolium dyes 

 

Figure 11.5 Molecular structures of (a) [7]PF6 and (b) [8]PF6 dyes. 
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Figure 11.6 and Table 11.1. IV curves and photovoltaic parameters of D149, [7]PF6 and  [8]PF6 dyes. 

Electrolyte solution: 0.05 M I2 , 0.5 M TBAI in acetonitrile/ethylencarbonate (1:4).  Dye solution: 0.5mM 

dye/ 1mM chenodeoxicholic acid in acetonitrile. Immersion time in dye solution: 30 minutes. 

Illumination: AM 1.5, 100 mW cm
-2

. 

 

11.3.3.  ZnO sensitized with Ruthenium-based dyes 

 

Figure 11.7   Ruthenium-complex sensitizers: YT-NCS (left) and YT-C1 (right). 

 

 

 

 

Dye Jsc (mA cm
-2

) Voc (V) FF 

7Pf6 2.3 0.524 55.9 

8Pf6 2.7 0.492 60.4 

D149 8.4 0.668 35.1 



 
 

0.0 0.2 0.4 0.6
0

1

2

3

4

J
/ 

m
A

 c
m

-2

Potential/ V

Efficiency: 1.4%

 

 

0.0 0.2 0.4 0.6 0.8
0

2

4

6   N719

  YT- C1

  YT- NCS

J
/ 

m
A

 c
m

-2

Potential/ V

 

 

 

 

 

 

 

 

 

 

 

Figure 11.8 and Table 11.2.  IV curves and photovoltaic parameters of N719, YT-NCS and YT-C1 dyes. 

Electrolyte solution: 0.03M I2, 0.6 M PMIMI, 0.1M GuSCN, 0.5M TBP in acetonitrile. Dye solution for 

N719: 0.5mM in ethanol. For the other two dyes: 0.5 mM in DMSO. Immersion time in dye solution: 60 

minutes. Illumination: AM 1.5, 100 mWcm
-2

.
 
 

 

11.3.4.  ZnO sensitized with perylene derivatives 

  

 

 

 

 

 

 

Figure 11.9 Current-voltage curve (left) of a ZnO cell sensitized with the perylene derivative dye shown 

on the right side. Electrolyte solution: 0.05 M I2, 0.5 M TBAI in acetonitrile/ethylencarbonate (1:4). Dye 

solution: 0.05 mM in cyclohexane. Immersion time in dye solution: 60 minutes. Illumination: AM 1.5, 

100 mWcm
-2

.
 
 

 

 

Dye Jsc ( mA cm
-2

) Voc (V) FF η% 

N719 5.63 0.603 0.60 2.0 

Yt-C1 0.77 0.378 0.66 0.2 

NCS 0.78 0.351 0.64 0.2 
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11.4. Triiodide light absorption 

  

 

 

 

 

 

 

 

Figure 11.10 Absorption spectrum of PMII + I2 (0.02M). 

 

11.5. EIS Spectra as a function of the PMII content 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.11 Evolution of the EIS spectra as a function of the PMII content. See Chapter 6 for details. 

 

 

 



 
 

11.6. The effect of  annealing on the properties of NW arrays 
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Figure 11.12 Open circuit photovoltage as a function of light intensity for nanoparticle  and nanowire 

samples (2.5 μm) annealed a different temperatures. 

 

11.7. The effect of electrodeposition on blocking layers  

 

Figure 11.13 Tafel plots of current density versus cell voltage for thin-layer cells constructed with bare 

FTO, FTO/BL, FTO/BL after 4 hours of electrodeposition and FTO/BL after 2 hours of electrodeposition.  
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11.8. Incident photon-to-current spectra for ZnO-based solar cells 

 

 

 

 

 

 

 

 

Figure 11.14 IPCE spectra for configurations C1, C2 and C3. 

 

11.9. “Short circuit voltage” measurements for nanowire-based dye-

sensitized solar cells 

 

 

 

 

 

 

 

Figure 11.15 Short circuit voltage and open circuit voltage for the nanowires 5 μm length described in 

Chapter 8.  
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11.10. Numerical factor γ 

 

Figure 11.16 Plot of the numerical factor γ as a function of αd for substrate side illumination. 

 

11.11. TiO2-based dye-sensitized solar cell 

 

 

 

 

 

 

Figure 11.17 IV curve for a TiO2 cell sensitized with N719.  Electrolyte solution: 0.05 M I2 , 0.5 M TBP, 

0.5 M LiI in acetonitrile. Dye solution for N719: 0.05 mM in ethanol. Immersion time in dye solution: 12 

hours. Illumination: AM 1.5, 100 mW cm
-2 

. 

 

 



 
 

11.12. Accumulated charge 
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Figure 11.18 Accumulated charge obtained from the integration of the capacitance data from 0 to open 

circuit photovoltage. 

 

11.13. Numerical solution of the continuity equation 

The continuity equation in terms of the total electron density (Section 3.6) for 

configurations 1, 2 and 3 (Section 10.9) is solved by means of the Forward Time 

Centered Space (FTCS) method using the Lax scheme and with the following boundary 

conditions
1,2

 

           
                      

           
       

  
                         

 

where n
0
V is the density at the TCO contact and d the film thickness. These boundary 

conditions are a consequence of fast electron transfer at the TCO/mesoporous oxide 

interface. The electron density at the contact, n
0
V,  is an increasing function of the 

applied bias V, as shown below: 

  
     

     
   

  
                                                

       



 
 

with n0
0
 being the density in the dark and at zero bias at the contact, q is the elementary 

charge, k the Boltzmann constant, T the absolute temperature and α the characteristic 

parameter of the trap energy distribution. 

The numerical solution of Equation (2.57) with boundary conditions (11.1) and (11.2) 

gives rise to an electron density profile whose gradient at x=0 (Jsc=(n/x)_x=0)  

originates the photocurrent. The application of an external bias increases the electron 

density at the contact and reduces the gradient, so that the photocurrent becomes 

smaller. The numerical solution for increasing bias makes it possible to obtain the full 

current-voltage curve from the short circuit situation, in which V = 0 up to the open 

circuit situation, for which the photocurrent computed from the electron density 

gradient is approximately equal to zero. 

The generation term G(x) (electrons m
-3 

s
-1

) is evaluated form 

                                      
    

    

                    

where ϕinj is the electron injection quantum yield and αcell is the absorption coefficient 

of the cell (m
-1

) as a function of wavelength (λ). The incident photon flux I0 (λ) (photons 

m
-3 

s
-1

) is given by 

    
    

  
      

  

   
    

  

                                          

 

where f is a parameter that is adjusted to give the required solar irradiance. The 

absorption coefficient of the cell αcell can be related to the absorption coefficient of the 

dye in solution αsol  by 

                 
          

              
                                     

where C stands for the concentration of the dye either in solution or when adsorbed at 

the mesoporous oxide.  

To complete the application of the numerical model, a series resistance, R, can be 

introduced into the calculation. In this case, the voltage V entering equation (11.2) is 



 
 

replaced by V=V+JAR, where J is the current density and A the geometrical surface 

area. The continuity equation is solved for this new voltage and the new current 

obtained is utilized to modify the voltage. The process is repeated until consistency 

between successive values of J is achieved for a fixed value of R. This consistency was 

implemented here by assuming convergence of three significant figures in J. 

 

11.14. The effect of  blocking layers in nanoparticle-based DSCs 

. 

 

 

 

 

 

 

 

Figur 11.19 IV curves (left) and open circuit voltage versus light intensity (right) for a cell with and 

without blocking layer. 

 

11.15. References to Appendix 

1.                                    , E. & Oskam, G. Numerical Simulation of the 

C rr   −Voltage Curve in Dye-Sensitized Solar Cells. The Journal of Physical 

Chemistry C 113, 19722–19731 (2009). 

2. Anta, J.A., Casanueva, F. & Oskam, G. A numerical model for charge transport and 

recombination in dye-sensitized solar cells. Journal of Physical Chemistry B 110, 

5372–5378 (2006). 

 

 

 

 

 



 
 

 


